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ABSTRACT 
Matrix-assisted laser ablation desorption ionization (MALDI) and ion mobility (IM) MALDI mass 
spectrometry (MS) were used for the detection and identification of microorganisms. MALDI MS is an 
analytical tool that separates ions by their mass-to-charge ratio (m/z) and is routinely used for 
bioanalysis because of its sensitivity, selectivity, general applicability, and tolerance to impurities. Ion 
mobility is a gas phase technique that separates ions based on their charge and collision cross-section. 
In this research, MALDI-TOF MS and MALDI-IM-TOF MS analysis were conducted in parallel to 
assess the effectiveness of MALDI-IM-TOF MS for microorganism identification. Whole cell bacteria 
Escherichia coli and Bacillus subtilis were prepared and analyzed using both MALDI-TOF MS and 
MALDI-IM-TOF MS. The signals from both analysis methods were identified using a microbial 
database. Vacuum ultraviolet (VUV) post-ionization MALDI-IM-TOF MS was also used and 
additional peaks that could not be detected using MALDI-TOF MS and MALDI-IM-TOF MS were 
observed from B. subtilis. MALDI MS was used in combination with mass spectral fingerprinting 
software for the identification of whole cell bacteria in the presence of potential environmental 
interferents. Whole bacteria were analyzed in the presence of fumed silica, bentonite, and pollen from 
Juglans nigra (black walnut) at various mass ratios. The effect of the interferents on the identifications 
of bacteria at the genus and species level was evaluated using the bacteria fingerprinting software MB. 
The results showed that correct species identification for E. coli, could be determined with fumed 
silica, bentonite, and pollen at a mass ratio of 1:1; whereas, at the same mass ratio, with diesel 
particulate, only genus identification could be made. Species identification for E. aerogenes with 
fumed silica and pollen at a mass ratio of 1:1 was achieved. Genus identification was determined for 
E.aerogenes with bentonite and diesel particulate. As the mass ratio of the interferent increased, the 
likelihood of species identification decreased with the exception of E. aerogenes with fumed silica and 
pollen. Under ambient conditions, laser ablation sample transfer using a mid-infrared laser at 2.94 m 
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was used to ablate gram-negative and gram-positive B. cereus  bacterial colony particulate into a 
solvent droplet suspended above the Petri dish. The solvent droplet containing the captured material 
was then transferred to a nanostructured-assisted laser desorption ionization (NALDI) target for 
analysis. Several peaks that were observed in the NALDI spectra of both gram-negative and gram-
positive correspond to phospholipid classes, phosphatidylethanolamine (PE) and phosphatidylglycerol 
(PG). Additional phospholipids diglycosyldiglyceride (DGDG), triacylglyceride (TAG) and a 
lipopeptide, which are typically found in gram-positive bacteria were observed in the NALDI spectrum 
of B. cereus. Using LAST-NALDI, phospholipids could be identified from both bacterial species 
without any sample pretreatment.   
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CHAPTER 1. INTRODUCTION 
 Microorganism detection, identification, and characterization are of the utmost importance 
because of their potential adverse effects on human health.
2
 Moreover, a major concern is the 
deliberate use of microorganisms as biological weapons (BWs) especially when dispersed as aerosol 
particles.
3
 The release of anthrax letters in 2001 through the United States Postal Service to media 
outlets and United States senators increased the awareness of this threat.
4, 5
 These incidents exposed 
our nation’s unpreparedness to deal with biological terrorism. As a result, there has been renewed 
interest in preparedness and the development of detection measures for biological agents. Technologies 
for this purpose must be capable of rapid detection and identification.  
 Conventional identification of microorganisms is based on phenotypic or genotypic testing. 
Phenotypic testing includes culture and growth characteristics, gram-staining, behavior and 
biochemical patterns.
6
 These properties are sometimes unreliable because of variability in culture 
conditions such as temperature, media, and pH. Genotypic methods are approaches that probe the 
genetic makeup of the cell including methods such as PCR or any bioassay that requires DNA 
amplification. Whether genotypic or phenotypic tests are employed, often no single test can be used for 
an accurate identification. Therefore, a combination of tests must be used for identification 
confirmation.
7
 These methods of identification are time-consuming and laborious and, in some cases, 
may take several days. This time delay from initial analysis to identification can pose a threat for 
scenarios ranging from clinical diagnosis to biological attacks. To reduce the risk to human health, 
rapid and reliable methods of identification are needed.  
 Matrix assisted laser desorption ionization mass spectrometry (MALDI MS) is an analytical 
technique that has been used in the detection of high molecular weight molecules.
8
 Its speed, 
sensitivity, and general applicability make it a powerful analytical tool. The use of MALDI MS to 
characterize biomolecules has been adapted to the characterization of microorganisms for classification 
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and identification,
9, 10, 11, 12
 which can augment phenotypic and genotypic identification methods.
13
 
MALDI MS is applicable to whole cell or lysed bacteria. MALDI results generated from bacteria are 
typically free of interferences that may occur from growth medium or contaminants, and are typically 
dominated by high abundant ribosomal proteins.
9, 14
  
 There are two general approaches that can be used for bacterial biomarker identification in 
MALDI: mass fingerprinting and proteomic-based identification. The mass fingerprinting approach 
compares peaks in experimental mass spectra to a library of reference spectra for a possible 
identification.
11
 Fingerprint libraries have been developed and are fairly simple to use but can be 
limited by spectral reproducibility. For example, spectra variation can be caused by choice of 
instrument, matrix, matrix to sample ratio, culture medium, growth conditions, and growth stage.
12
 The 
use of pattern matching algorithms help to minimize the effect of spectral variation associated with 
fingerprinting and improve identification. In the proteomic approach, proteins are identified and 
matched to proteins in a database to determine identification.
9, 15
  
 Although these approaches for the identification of bacterial biomarkers have been 
demonstrated, the detection of biological agents dispersed as aerosol particles presents several 
additional challenges.
16, 17, 18
 The low concentration of pathogenic material present in a bioaerosol in an 
ambient environment requires analysis methods that are highly sensitive.
19
 Also, bioaerosols are not 
present as pure samples in the environment: naturally occurring and anthropogenic background 
aerosols and other biological material may also be present.
17, 18, 20
 These issues present a challenge for 
rapid analysis and positive identification in the presence of complex a background. Field analysis also 
requires portable or transportable instrumentation that can be operated in harsh environments.  
The goal of the research described in this dissertation was to develop methods for 
microorganism detection and identification that are applicable to analysis of bacteria and collected 
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bioaerosols using MALDI coupled with time-of-flight mass spectrometry (TOF MS) and ion mobility 
(IM) orthogonal TOF MS. Microorganisms in this work were selected based on their use as pathogen 
simulants and because they are well studied by mass spectrometry. This chapter provides an overview 
of mass spectrometry and methods of ionization. Traditional methods of microorganism analysis and 
mass spectrometry of microorganisms are also discussed.  
 
1.1 Microorganisms 
Microorganisms are single-celled organisms that include fungi, algae, protozoa, and bacteria. 
Bacteria are the simplest cells and are about one-hundredth the size of a human cell.
21
 Bacteria, which 
are typically a few micrometers (µm) in length, can be found throughout the environment. Typically, 
they are found in large groups because of their ability to multiply quickly. They have three basic 
morphologies, such as spirillum (plural, spirilla), rods called bacillus (plural, bacilli), and spheres 
called coccus (plural, cocci),
21
 as shown Figure 1.1.  
Bacterial cells are classified as gram-positive or gram-negative based upon their cell wall 
structure. Both gram-positive and gram-negative bacteria contain peptidoglycan; however, gram-
positive bacteria have a cell wall thickness of approximately 20–80 nm compared to 10 nm for gram-
negative bacteria.
21
 The difference in thickness is due to repeated cross-linking of the glycan strands 
that encompass the cell of gram-positive bacteria, while gram-negative bacteria are alternately cross-
linked. Another important component of the cell of gram-positive bacteria are techoic acids that 
interlace the peptidoglycan layers, helping to stabilize the cell wall and make it stronger. The exterior 
cell membrane of gram-negative bacteria is a lipid bilayer that contains lipids, proteins, and 
lipopolysaccharides (LPS). The LPS consists of lipid A and a polysaccharide chain. Structural 
 



















differences in the cell walls in gram-positive and gram-negative bacteria can be easily seen using a 
microscope and gram-staining dyes.
22
 The thicker external cellular wall of gram-positive bacteria 
retain the primary dye, crystal violet and safranin stains, and gram-negative bacteria shows the 
counterstain safranin dye.
22
 An illustration of gram-positive and gram-negative cells walls is shown in 




Figure 1.1. Illustration of different shapes of bacteria. 
 
 






















Gram-positive bacteria, including Bacillus and Clostridium, when in unfavorable environments, 
undergo a process called sporulation. This process forms spores within the cell (called endospores) as a 
form of protection.
23
 Through this process, the bacterium is able to replicate its genetic material and 
surround it with a thick coating.
23
 In this sporulated form, water is released and metabolism no longer 





Figure 1.2. Cell of wall of (a) gram-positive bacteria and (b) gram-negative bacteria.  
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and nutrients for extended periods of time.
23, 24
 When conditions become favorable the spore 




Microorganisms have been used throughout history as weapons because they are readily 
available in nature and self-replicating.
25, 26
 The military use of biological weapons has been recorded 
throughout history.
26, 27
 For example, in 1495 A. D., Spanish forces contaminated the wine of their 
French adversaries with blood from leprosy patients.
26
 More recently, in Sverdlovsk, a city east of 
Moscow, at least 100 individuals died from exposure to anthrax spores in 1979.
28
 The government of 
the former Soviet Union blamed the cause of the outbreak on contaminated meat. However, there was 
considerable skepticism for this explanation. Later in the early 90’s, investigations revealed that the 
anthrax related deaths were the result of an unintentional release from a military facility in Sverdlovsk 
that was covered-up by the government to keep their bioweapons program a secret. The total number 
of deaths is unknown, but, based on wind patterns on the particular day of the release, the reported 
deaths could be traced to where the victims lived relative to the military facility. This event has 
become known as the Sverdlovsk anthrax leak.  
Microorganisms can be dispersed as a bioaerosol, defined as an aerosol of biological origin 
ranging in size from 0.2 m to greater than 100 m.
29, 30
 Harmful bioaerosols contain bacteria, 
bacterial endotoxins, or viruses, and can be used as a biological weapon. These biological agents can 
be dispersed with aerosol sprayers, pressurized gases, and sometimes with explosives. For greater 
efficiency, aircraft outfitted with spray tanks, missiles, drones, and small rotary wing vehicles can be 
used for dispersal. Aerosol dissemination is the most common method because it allows particle size 
and density to be controlled, which determines an agents effectiveness.
32
 Extreme conditions of 
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The Centers for Disease Control (CDC) have defined and categorized biological weapons based 
on their ease of dissemination, transmission and mortality rate, and divided them into categories: A, B 
and C.
34
 Agents in Category A pose the highest threat and are listed in Table 1-1. Bacillus anthracis is 
one of the best-known pathogen on the list. The name B. anthracis is derived from the Greek word for 
coal, anthrakis, because of the black skin lesions it causes. In 1876, Robert Koch isolated B. anthracis, 
a pathogenic bacterium, and proved that it was the cause of anthrax acute disease.
35, 36
 It is a gram-
positive, spore forming bacteria that ranges from 1 µm to 9 µm in length, with a spore size of about 1 



















Table 1-1. CDC Category A Biological Weapons.
1
 
Agent Incubation period Mortality Dissemination method 
Anthrax 
(Bacillus anthracis) 
1-4 days 25-100% Aerosol 
Botulism 
(Clostridium botulinum toxin) 
1-3 days 8-50% Aerosol 
Smallpox 
(Variola major) 
2-3 days 50-100% Aerosol 
Plague 
(Yersinia pestis) 
7-17 days 30-90% Aerosol 
Tularemia 
(Francisella tularensis) 
1-10 days 30-40% Aerosol 
Viral Hemorrhage Fevers 
(Ebola, Marburg, Lass, etc.) 
4-21 days 40-90% Aerosol 
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The effectiveness and lethality of biological weapons is dependent upon their ability to remain 
as an aerosol in the environment until inhaled.
39
 The size of the biological agent must also be 
optimized and for maximum dispersion is in the range of 1m to 10 m. To enhance the effectiveness 
of aerosolized microorganisms, additives called “weaponizing agents” such as fumed silica or 
bentonite are used.
40
 Fumed silica can absorb moisture and easily attach to the surface of larger 
particles (see Figure 1.3). Bentonite is an absorbent clay that contains aluminum and a high percentage 
of fine particulate silica. These weaponizing additives attach to the surface of biological agents and 
inhibit Van der Waals forces and electrostatic interactions, preventing the particles from aggregating 

















Figure 1.3. Illustration of the effect of van der Waals forces on uncoated particles and 
particles coated with silica nanoparticles. 
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Currently, the United States Armed Forces use a number of systems that can monitor, detect, 
and identify pathogenic microorganisms as a network of systems or as independent systems. An early 
warning system for biological detection is known as the Long-Range Biological Standoff Detection 
System (LRBSDS) is used to detect and track aerosol clouds.
41, 42
 It operates by using an IR laser 
system mounted in a helicopter for long range detection.
42
 The LRBSDS can discriminate between 
naturally occurring and man-made clouds and can continuously detect the concentration of an aerosol 
cloud, its location, its size, and path at a distance of up to 50 km.
41, 42
 However, it cannot determine the 
identity of the aerosol in the cloud. The LRBSDS early warning system triggers other biodetection 




BIDS is a mobile biochemistry lab that uses a number of assay methods including 
immunoassays. It is capable of detecting different types of biological agents in less than 10 min and 
can simultaneously identify 8 pre-selected agents in less than 30 min.
42
 BIDS is composed of a 
ultraviolet (UV) particle sizer, a liquid sampler, a flow cytometer, and ELISA assays, allowing it 
operate independently of other biodetection systems. When the particle sizer detects particles in the 
range of 1 to 10 m, the sampling device is triggered for collection. The collected sample is then 
analyzed using luminescence detection with a UV light, ELISA, flow cytometry, and a light-




The JBPDS is a transportable system that can monitor and identify microorganisms 
independently in less than 15 minutes.
41, 42
 It is similar to the BIDS system but is more automated. It is 
composed of a cyclone collector/concentrator that collects aerosols in an aqueous solution; a fluid 
control system that transfers the collected samples between reservoirs, the collector, identification 
assays, and confirmation sample vials. The system has a biological agent warning system that uses a 
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UV laser to measure elastic scattering and fluorescence to distinguish biological particulate from 
inorganic particulate. There are identification assays with 10 antibody-antigen reactions for detection 




The Portal Shield is a point detector that uses disposable, automated hand-held immunoassays 
(HHA) for biodetection and is typically deployed at airports and ports.
41
 The system can 
simultaneously identify up to 8 biological agents in 20 minutes.
41, 42
 Samples are collected and 
concentrated and deposited on a card that contains immunoreagents on a solid support. If there is a 
positive response, a red line appears that is read by a laser scanner. However, HHAs have a lower 
sensitivity and a higher limit of detection when compared to traditional immunoassays, which means 
that a low concentration biological agent may not be detected. These limitations show the need for 
further analysis from other biodetection detection systems such as the BIDS and the JBPDS.  
 
1.2 Methods for Detecting Microorganisms 
Culture-Based Methods 
Traditional methods for microbe identification focus on culturing and morphological studies, 
enumeration, and biochemical testing.
10, 44
  
Culture-based methods are the traditional approach to microorganism identification.
45
 
Microorganism samples are collected directly from the air, soil, liquid suspensions, filters, biological 
fluids, or manmade items, and then cultured in growth media under optimum conditions such as 
temperature, oxygen, and growth time.
29
 To characterize bacterial colonies in terms of morphology and 
number of colony forming units, cultures must be grown on solid or liquid media for 24 hours or more. 
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Cultures or smears can be directly visualized using optical microscopy. The colonies are inspected 
under the microscope to examine characteristics in terms of morphology and size. Bacterial smears can 
be obtained from colonies grown on solid media or from liquid cultures that have been applied to a 
glass slide and treated with histological stains to be viewed under the microscope.  
Scanning electron microscopy (SEM) can also be used to determine shape and surface 
structures of microorganisms.
46, 47
 In SEM, a focused electron beam is directed at the sample and 
secondary electrons and are used to generate an image as the electron beam is rastered across the 
surface of the sample
48




Although culturing bacteria can be done with relative ease, it has a number of limitations. First, 
it is important to consider whether the microorganisms of interest are viable or culturable. Here, viable 
is defined as the ability to grow,
49
 whereas, culturable is the ability to produce a population, at a 
minimum a single colony.
50
 Culturable cells are viable but not all viable cells are culturable: those that 
are not culturable are termed viable but non-culturable (VBNC) because they will not grow to colonies 
on growth media but are nonetheless alive.
51
 It is thought that cells enter the VBNC state as a survival 
mechanism in response to stimuli such as stress, nutrient deficiency, inappropriate oxygen 
concentration, and osmotic shock.
51, 52
 Pathogenic microbes that can enter a VBNC state include E. 
coli, Salmonella typhuimurium, Francisella tularensis, Enterobacter aerogenes, Listeria 
monocytogenes, and Mycobacterium tuberculosis.
51




Culturing provides enumeration information and is only effective if the microorganisms are 
viable and culturable under specific growth conditions. It has been reported that fewer than 10% of all 
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Non-culture Based Methods  
 Non-culture based approaches are important because they provide the ability to obtain a true 
representation of all the microorganisms present in a collected sample. The advances in 
instrumentation and bioanalytical techniques that allow for direct and indirect analyses of 
microorganisms are based upon microscopy, flow cytometry, immuonnoassays, polymerase chain 
reaction and spectroscopic techniques.
29
  
 Flow cytometry (FCM) is an analytical technique used to count, sort, and measure the physical 
and chemical properties of cells based upon light scattering and fluorescence.
54
 Cells in a fluid stream 
are irradiated with a laser, causing the cells to scatter light, which is subsequently collected by an array 
of detectors. Cells can be separated from the total population and sorted for subsequent analysis. FCM 
can be used to analyze human cells as well as bacterial cells; furthermore, FCM can separate a 
heterogeneous population of cells. Cells can be analyzed with or without a fluorescent dye. Properties 
such as cell size, shape and internal complexity can be determined from the intensity of scattered light 
without fluorescent staining.
54, 55
 However, fluorescent dyes or fluorescent probes are needed to 
differentiate gram negative and gram positive bacteria,
56
 identify intracellular and extracellular 
biomolecules of the cell,
54
 determine biological from non-biological material,
54
 and separate living 
cells from dead cells.
57, 58
 Typically, 1 mL of the cultured cells is incubated with a fluorescent dye, in 
some cases up to an hour before analysis.
58
 The sample is excited at the UV wavelength at which the 
fluorescent dye absorbs and is monitored at its emission wavelength The major advantage of FCM is 
its ability to analyze thousands of cells within a matter of seconds.
54
 Nevertheless, aggregates and 
debris can give false positives.  
Immunoassays are rapid, sensitive, and highly specific and can be used to detect and quantify 
analytes through antigen-antibody interactions.
59, 60
 The detection can be radioactive, colorimetric, or 
 




 The enzyme-linked immunosorbent assay (ELISA) is a commonly used antibody-based 
detection method, designed to bind specific antigens.
59, 60
 ELISA has been used to target a number of 







Although ELISA is sensitive, it is selective, which means there must an antibody with specificity for 
the antigen for successful analysis.  
Polymerase chain reaction (PCR) is a technique that is used to amplify DNA.
64
 This technique 
is conducted by allowing a reaction mixture containing cell lysate, DNA polymerase, nucleotides, and 
microorganism specific primers (strands of nucleic acid that initiate DNA synthesis) to undergo a 
number of heating and cooling cycles. During the heating and cooling cycles, the primers anneal to 
complementary sequences in the DNA of the microbial species. At an optimum temperature, the 
polymerase enzyme catalyzes the extension of the annealed primer by adding more nucleotides, 
resulting in a copy of the microbial DNA. Following this step, the cycle of heating and cooling is 
initiated again, and as the process continues, more copies of DNA are generated. This can be 
accomplished in 20-80 minutes using commercial PCR systems. There are a number of companies that 
sell PCR kits for microorganism detection. In particular, the BAX detection system has been developed 
by Dupont Qualicon for the detection of microbial pathogens such as Listeria, Salmonella, and E. coli: 
O157.
65
 Nevertheless, because of the sensitivity of PCR, false-positives can occur from contamination 
of DNA from previous PCR and amplification of dead cells.
66
  
Raman and Fourier transform infrared (FTIR) spectroscopy can be used to detect and identify 
whole cell microorganisms and cell isolates.
67, 68, 69, 70
 Raman studies provide structural information 
obtained from vibrations associated with chemical bonds (e.g. carbon backbone), while structural 
information from IR studies is achieved from vibrational absorption of functional groups (e.g. those of 
amino acids); the two techniques, thus, can provide complimentary information.
71
 FTIR has the ability 
to probe molecular structure and molecular environment of microbial cells. A sample is irradiated with 
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an infrared source and functional groups in the molecule absorb the radiation, resulting in different 
vibrational motions such as stretching, torsion, and bending at specific frequencies. FTIR spectra are 
obtained by detecting changes in absorption band vibrational energy as a function of frequency. The 
peaks are broad due to contributions from all molecules in the bacteria cell. The wavenumber of the 
absorbance peaks, peak intensities, and peak width can be used to identify functional groups and cell 
components.
70
 Some of the most common peaks observed from functional group vibrations are 
attributed to biomolecules such as proteins, fatty acids, nucleic acids, and carbohydrates.
69
 However, 
bands are attributed to biomolecules as well as specific conformational and structural changes, which 
are difficult to interpret,
55,72
 and often require detailed analysis.
70
  
When the sample is irradiated in Raman studies, the light is scattered.
73
 Unlike IR absorption 
analysis, Raman spectra typically have narrow peaks that are well separated and are not affected by 
interference from water, water vapor or carbon dioxide; water is a weak Raman scatterer and gases do 
not scatter well.
74
 This simplifies sample preparation because aqueous samples can be analyzed as well 
as solvents that may contain carbon. Using IR and Raman techniques in tandem, microbial cells can be 
classified and identified by the spectroscopic fingerprint of their intracellular components.
69
 Although 
both techniques require minimal sample preparation, the preparation methods must be followed for 
reproducible results because the results can be affected by impurities.
69
  
 Mass spectrometry (MS)
9, 10
 and ion mobility (IM)
75, 76
 spectrometry are general gas phase 
techniques that have been used to investigate biomolecules. Both techniques are sensitive and have low 
detection limits and their generality makes them easily applicable for the detection, identification, and 
characterization of microorganisms. The results of these techniques are spectra with a number of 
different peaks that can be attributed to biomolecules. The application of MS and IM for the analysis of 
microorganisms is the focus of this work. A review of both techniques for microorganism analysis is 
given below.  
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1.3 Mass Spectrometry for the Analysis of Microorganisms 
Mass spectrometry is an analytical technique that has the ability to separate ions based on their 
mass-to-charge ratio (m/z),
77
 which can be used to determine the molecular weight and provide 
structural information for chemical and biological compounds. It is applicable to nearly all analytes: 
volatile, nonvolatile, polar, nonpolar, solid, liquids, and gases. MS has become routine for bioanalysis 
because of its sensitivity, high mass accuracy, and high-throughput capabilities. It is an effective tool 
for biomolecule identification, elucidating structure and function relationships, and revealing 
biological pathways and processes. 
In an early study of microorganisms by mass spectrometry, Meuzelaar and Kistemaker utilized 
curie point pyrolysis in combination with electron ionization (EI) and a scanning quadrupole mass 
spectrometer to demonstrate a rapid and reproducible method for microorganism fingerprinting.
78
 
Their investigation showed the reproducibility of two successive experiments using Neisserria sicca. A 
total of 30 peaks in range of 12 m/z to 48 m/z were observed. The results showed that the peak ratios 
deviated by less than 4% and it was also determined that peaks at m/e 18, 28, and 44 were background. 
A further analysis was conducted with Neisserria meinigitides (group C) and Leptospira to show that 
different bacterial strains show different spectral fingerprints. However, the researchers did 
acknowledge the limitations of this technique were due to the fragmentation caused by EI.  
Initially, most MS methods for microbial analysis employed heating of whole cell 
microorganisms or extracts for sample introduction. Since then the use of mass spectrometry for the 
analysis of microorganisms has continued to grow, using a number of different approaches for sample 
preparation, ionization, and mass analysis. The following sections describe different approaches to MS 
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Pyrolysis Mass Spectrometry 
 In pyrolysis mass spectrometry (PYMS), samples undergo rapid thermal degradation 
(pyrolysis) prior to mass separation.
79
 Samples are typically heated in a quartz sample tube or direct 
contact with a platinum wire. The weakest bonds in molecules break due to pyrolysis, producing 
smaller fragments (pyrolyzates) that give the structural information that can be obtained from the mass 
spectrum. The pyrolysate expands into a heated chamber and then diffuses into the ionization region of 
the mass spectrometer and is ionized by chemical or electron ionization.
11, 80
  
PYMS is commonly used to identify the lipid profile of fatty acid methyl esters (FAME) of 
microorganisms.
81
 The plasma membrane of microorganisms is composed of phospholipids, which 
have polar head groups and hydrophobic tails. Extraction with methanol and acid is used to separate 
the membrane from other cellular material. The phospholipid head groups and fatty acid tails are then 
separated from one another by esterification before mass analysis. In an example of this approach, 
Voorhees and co-workers used PYMS to detect four whole cell bacterial pathogens.
82
 An in situ 
thermal hydrolysis methylation (TMH) technique was used by mixing the bacterial cells with a 
methylating reagent, tetramethylammonium (TMAH), on the pyrolysis element (wire, coil, foil, or frit). 
The mixture was pyrolyzed at temperatures from 200 to 300 °C. The lipid profiles of the four 
pathogenic bacteria were generated and compared to PYMS and gas chromatography (GC) analysis of 
FAME extracts from bacterial cells from previous studies.
81, 83
 The advantage of PYMS with in situ 
TMH is a sample preparation time of less than a minute, whereas, sample preparation time for 
methylation prior MS and GC is one hour.    
 
PyMS can be used as an off-line or on-line technique that can be coupled with various 
separation methods and detectors.
84, 85
 Online methods using PyMS can be used to analyze bioaerosols 
containing a single bacterium.
84
 GC coupled with PyMS has been used for the identification of 
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biomarkers of viruses, protozoa, bacteria, algae, and fungi.
80
 Lipid and protein biomarkers were 
observed from the Brucella noetomae species when investigated using high resolution MS and tandem 
MS with pyrolysis.
86
 The differentiation of potential bioterror agents from benign substances has also 
been demonstrated using PyMS.
87
 Most recently, a pyrolysis gas chromatography ion mobility mass 
spectrometry system (Py-GC-IMS) was used to detect and classify bacteria, viruses, and proteins 
generated during field analysis exercises.
85
 PyMS has a number of advantages such as high temporal 




Fast Atom Bombardment Ionization 
Fast atom bombardment (FAB), a desorption ionization method, was introduced in the early 
1980s by Barber and co-workers.
89
 This technique can provide molecular weight and structural 
information of organic, inorganic, and small biological molecules. In FAB, the analyte is prepared by 
dissolving in a polar, inert liquid matrix.
90
 This mixture is then bombarded with a high-energy beam (2 
– 10 keV) of Xe atoms or Cs
+ 
ions. The ionization mechanism for this method is thought to occur from 
ions formed in the liquid matrix and subsequent acid-base and electrochemical reactions. Ion 
fragmentation is typically species specific, and also driven by association and dissociation reactions 
with the matrix ions. Fenselau and coworkers were able to differentiate three gram-positive and three 
gram-negative bacteria species using positive and negative mode FAB MS.
91
 Lipids were extracted 
from each species using a mixture of methanol and chloroform. The extracted lipid suspensions were 
then mixed with liquid matrices diethanolamine and thioglycerol and analyzed using a magnetic sector 
mass spectrometer. Phospholipids and other polar lipids were observed and identified. 
Phosphatidylethanolamine (PE) and phospatidylglycerol (PG) are dominant lipid species in gram-
negative and gram-positive bacteria and this was reflected in the mass spectra.  
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Later, Fenselau and coworkers used positive and negative mode FAB with tandem MS with 
constant neutral loss (CNL) for the analysis of lysed bacterial cells to determine if greater selectivity 
for polar lipids and specificity for particular phospholipids classes could be achieved.
92
 CNL is a 
scanning technique that can determine precursor ions by detection of the product ions corresponding to 
a particular neutral loss. Here, PE and PG dominated the spectra of both gram-negative and gram-
positive bacteria. Results showed that bacterial species could be determined using CNL scans with 
positive mode FAB and suggested that the CNL approach also increased the specificity for 
phospholipid classes.  
 
Laser Desorption Ionization 
Laser desorption ionization (LDI) uses a pulsed laser to rapidly heat a sample deposited onto a 
surface and generate ions.
90
 Typically, a UV laser is used but IR lasers can be used as well. 
Quadrupole, magnetic sector, time-of-flight (TOF), and Fourier transform mass spectrometer (FTMS) 
mass analyzers all have been used for LDI; however, the TOF is the best suited because the laser pulse 





 M solutions and are allowed to either air dry on the target or samples can be electrosprayed onto 
the target and analyzed.
93
 LDI has a number of advantages including good spatial resolution and low 
sample consumption; however, this technique is generally limited to small molecules with masses of 
less than a few thousand Da.
94, 95, 96
  
Microorganisms have been detected in the presence of background aerosols using UV and IR 
LDI with TOF MS.
97
 A custom made IR optical parametric oscillator (OPO) was used in the range of 
3.05 m to 3.08 m to study spores from four closely related bacillus species: B. subtilis, B. niger, B. 
cereus, and B. thuringiensis. The wavelength dependent study showed that 3.05 m gave the best 
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results in signal intensity. Based on the spectra of each species, it was determined that B. subtilis and 
B. niger spores are closely related and B. cereus and B. thuringiensis spores are closely related. 
However, the four species of Bacillus could be differentiated by different lipopeptides observed near 
1000 m/z, which appear to be species specific.
97
 Background aerosols, such as Arizona road dust and 
pollen, that are typically encountered when sampling aerosolized microorganisms were also 
investigated to determine whether B. subtilis could be differentiated from background particulate. The 
spectra of the background aerosols did not show any spectral similarities to B. subtilis, which makes it 
easy to differentiate the background aerosols from B. subtilis. 
Phospholipids have also been detected from lyophilized and extractions of E. coli cells using 
LDI with an IR CO2 laser.
98
 Results from this work showed that this technique is selective for 
phospholipids and can be used to determine phospholipid profiles of bacterial species.  
 
Matrix-assisted Laser Desorption Ionization 
 The development of soft ionization methods such as MALDI MS allows the analysis of intact 
biomolecules. MALDI methods used for the analysis of biomolecules have been tailored for microbial 
analysis and have been demonstrated by a number of groups.
9, 99, 100, 101
 It is attractive because of its 
low detection limit and tolerance of impurities. Mass spectra generated from microbial samples are 
easy to interpret and peaks are typically attributed to proteins, unless extraction methods or enzymatic 
digestion methods are employed. When investigating whole cell bacteria, the focus for bacterial 
protein biomarkers is in the 4,000 to 20,000 m/z range.
102,9, 10
 In this mass range, most identifications 
are based on highly abundant ribosomal proteins and other abundant proteins, which tend to dominate 
bacterial mass spectra.
9, 10
 The masses obtained from MALDI spectra are compared to a reference 
library for identification in what is called the fingerprint approach. Reproducibility of spectra of intact 
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microorganisms can be influenced by growth media, growth time, choice of matrix and sample 




The challenge of analysis has been met through the use of algorithms that can perform peak 
matching analysis based on m/z and intensity,
104
 and by spectral libraries that account for spectral 
reproducibility.
105, 106
 The use of database searches for microbial identification was first reported by 
Reilly and co-workers and shortly thereafter by Wahl and co-workers.
104, 107
 In these approaches, 
microorganisms are cultured using different conditions and analyzed on different days. Several spectra 
are collected for each microorganism and for each culturing condition. These spectra are then averaged 
to give a representative spectrum and are added to the reference library. Unknown spectra are 
compared to spectra in the reference library using a pattern-matching algorithm. For example, Jarman 
et al. performed this type of analysis with 3 three microorganisms by collecting a total of 60 mass 
spectra of each microorganism grown on different culture media on different days.
105
 Peak tables were 
constructed for each growth condition and peaks with a m/z within a given standard deviation were 
calculated to give an average m/z. Peaks that were observed in more than 70% of the 60 collected 
spectra were included. Unknown spectra were compared to the reference library and 100% of the 
unknowns were identified, despite the use of different culture media.    
Another approach to bacterial identification is the use of sequence databases to match observed 
protein or peptide masses that can be related to known proteins.
9, 108
 Proteomic tools, such as 
bioinformatic databases, are used with algorithms to compare and rank the m/z of the experimentally 
obtained peaks to protein and peptide masses in the database,
109, 110
 which has the advantage of being 
independent of ionization methods, mass analyzer used, and growth conditions.
111, 112, 113, 114
 A given 
m/z within a given error range, determined by the user, must be input. Demirev et al. were the first to 
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SwissProt/TrEMBL database was used to match 16 observed protein masses from a MALDI TOF MS 
spectrum of a mixture of E. coli and B. subtilis. The error range for the search, determined by the user, 
was ± 3 to ± 5 m/z and was limited to bacterial species only. It was found that 6 peaks were assigned to 
E. coli, 4 peaks were as assigned to B. subtilis, and 5 peaks were attributed to both species.  
A commercial database, MALDI Biotyper (MB), is a microbial database that was developed for 
bacteria identification.
14
 MB uses a mass spectrum pattern-matching algorithm. MALDI TOF MS with 
MB was designed as a routine diagnostic tool in clinical laboratories
100, 115, 116, 117
 and can be run in 
parallel with conventional phenotypic methods.
116, 118
 It serves as a rapid tool for the diagnosis of 
bacterial infections. Szabados and co-workers evaluated MB by testing more than 600 antibiotic-
resistant and antibiotic-susceptible Staphylococcus aureus strains and a collection of over 400 other 
staphylococci.
101
 Prior to MALDI analysis, isolates were first identified using colony morphology, 
agglutination test (bacteria cells clumping together in the presence of an antibody), and PCR for the 
mecA gene or a commercially available kit that uses substrate binding for identification. All 
Staphylococcus aureus strains were identified correctly at the species level. On average, 180 
identifications were obtained in 22 minutes using MB, whereas PCR results and commercial kits took 
an average of 2.5 hours. It was concluded that MALDI-TOF MS with Biotyper is faster than 
conventional molecular methods, but was more time-consuming than agglutination testing. However, 
the authors stated that in their laboratory, MB would likely be used as a secondary identification tool 
when results are inconclusive.  
Not all studies yield a high identification rate when using MS. For instance, 109 isolates of the 
Acinetobacter species, a well-known gram-negative bacteria that causes hospital acquired infections, 
was investigated using MALDI-TOF MS with MB and PCR for rpoB gene sequence molecular 
identification.
100
 PCR was used as a conformation tool for the identification results. At the genus level, 
all of the isolates were identified correctly, but 31 samples were misidentified at the species level using 
 
  22  
 
MB. The authors attributed most of these errors to the limited number of Acinetobacter species present 
in the database. 
 
Ambient Ionization 
Ambient ionization is the formation of ions external to the mass spectrometer in an ambient 
environment with minimum or no sample treatment.
119
 Ions are introduced or extracted into the mass 
spectrometer. Mass spectrometers can easily be modified by attaching an external source to generate 
ions to be extracted into the mass spectrometer.  
Desorption electrospray ionization (DESI) is an ambient ionization technique that is applicable 
to small organic compounds and large biomolecules that can be solids, liquid samples and even frozen 
solutions.
120-
 In DESI, an electrospray of solvent charged droplets hits the surface of a sample, the 
solvent extracts the sample molecules, and the impinging pneumatic spray shears off charged droplets 
that go on to form ions by evaporation of the solvent.
121
 Spectra recorded using DESI, are similar to 
ESI spectra.
122, 123













Direct analysis in real-time (DART), another ambient ionization technique, was introduced 
shortly after reports of DESI.
131
 Ionization occurs by directing a heated plasma of excited-state ions at 
the sample that ionizes low molecular weight molecules.
123
 DART is limited to small molecules 
because it is based on chemical ionization.
122, 123





 and microorganism analysis.
134
  
Recently, both DESI and DART have been added to the range of MS techniques to detect 
microorganisms.
134, 135, 136, 137, 138
 DESI and DART allow microorganisms to be detected from a surface 
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with no sample pretreatment, which is ideal for a rapid detection and identification tool, especially for 
field analysis.
136
 Using DESI, individual 1 mL suspensions of cultured cells of three strains of 
Escherichia coli and two strains of Salmonella typhimurium were deposited on a glass slide.
136
 A 
mixture of methanol and water was electrosprayed onto the glass slide to extract the sample into the 
mass spectrometer. Mass spectra were reproducible and lipids observed from both Escherichia coli and 
Salmonella typhimurium were identified as phosphatidylethanolamine (PE).
136
 The two species could 
be distinguished by the presence of three peaks observed in the spectra of S. typhimurium that were not 
present in the spectra of E coli. Differences in the strains of E. coli and S. typhimurium could not be 
observed by evaluating their mass spectra directly but was realized with the use of principal 
component analysis (PCA).  
DART has been used with TOF MS to observe fatty acid methyl ester (FAME) mass spectra 
generated from hydrolized and methylated suspensions of whole cell bacteria of E. coli, Coxiella 
burnetii, and Streptococcus pyogenes.
134
 The fatty acids were all detected as protonated methyl esters 
with a total analysis time of 9 minutes. Similar results were observed for the spectra of E. coli and 
Coxiella burnetii, both with FAME series of fatty acid moieties with 9 carbons and no double bonds 
(C9:0) to 19 carbons with 1 double bond (C19:1). However, distinguishing features such as C19:0 
were only present in E. coli and C11:1 was only found in S. pyogenes. The two strains of C. burnetii 
were distinguishable by differences in their mass spectra. 
 
1.4 Methods for the Detection of Bioaerosols 
A number of techniques and methods have been developed for the detection and analysis of 
bioaerosols. The ideal sampling device for harmful bioaerosols will be transportable and capable of 
measuring 10
4
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there are a number of sampling methods for bioaerosols such as impaction, liquid collection, filtration, 
and electrostatic precipitation that are well established and are routinely used for collection. Several 
mass spectrometry methods can be used to analyze bioaerosols without collection. 
Impaction is one of the most commonly used collection methods.
139, 140
 This method uses 
inertial forces to collect particles from the air. Air is drawn through the impaction sampler and forced to 
change direction; particles whose inertia exceeds a certain value are collected on the surface of the 
impaction plate.
30, 140
 An impaction sampler can be used with multiple impaction plates or a single 
impaction plate for collection using a number of different targets including solid targets, glass slides, 
metal targets, and agar growth media.
29, 30
 Using agar plates as a collection medium in the sampling 
device has the advantage of allowing culturing and counting the microorganisms without further sample 
transfer.
141
 However, the drawback of collecting microorganisms on the growth medium is the 
possibility of the plates becoming overloaded with microorganisms, which can result in colony 
aggregation, making it difficult to determine the number of colony forming units collected.  
An impinger functions on the same principle as an impactor, except particles are collected into 
a liquid, for example, an isotonic or buffered solution.
29, 139
 Single and multi-stage impinger samplers 
can be used.
29
 Although, impinging is an inexpensive and effective sampling method, the liquid can 
evaporate when sampling for an extended time.
139
 Unlike impaction, this method requires further 
sample processing if the number of microorganisms is to be determined as well as identified. 
Filtration is a simple and inexpensive method used in the collection of microorganisms from 
bioaerosols through a porous membrane filter.
29, 140
 The collection efficiency of this method depends on 
the physical properties of the filter and the particles, as well as the air flow rate.
29
 Upon collection, only 
one filter is used which makes determining the total number of particles and the particle size 
distribution difficult.
29, 139
 Much like the impaction sampler, during filtration the filter can become 
overloaded with microorganisms, making enumeration difficult.
142
 After collection, the material is 
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usually desiccated or undergoes ultrasonication to retrieve the cells. The recovery efficiency is often 
poor, especially for vegetative bacterial cells.
142
 Filtration is typically used when qualitative information 
is needed.  
An electrostatic precipitation (ESP) sampler electrically charges particles as they enter the 
sampler, causing them to collect on a solid or liquid surface in the sampler.
139
 Solid substrates, such as 
filters, have the highest recovery efficiency. This sampler causes less physical stress on microbial cells 
when compared to impaction and impingement, and for this reason recovery efficiencies are higher.  
After bioaerosol collection, characterization of bioaerosols can range from simple techniques, 
such as culturing and microscopy to advanced biochemical and instrumental techniques. With proper 
sample handling, a number of other techniques used for microorganism detection such as culturing, 
microscopy, DNA amplification, ELISA, FCM, and MS are applicable to bioaerosol detection.  
A commonly used bioaerosol assay is the Limulus amoebocyte assay (LAL), which determines 
the activity of endotoxins, which are only present in the cell wall of gram-negative bacteria.
143
 An 
extract of blood cells taken from the horseshoe crab, Limulus polyphemus, reacts with bacterial 
endotoxins lipopolysaccharide from gram negative bacteria, activating an enzyme in the LAL extract 
that reacts with a clotting protein to form a gel or a clot (positive reaction) that can be visualized with 
the naked eye.
143, 144
 If gram-positive bacteria are present or any bacteria that cannot produce 
endotoxins, a clot will not form. Endotoxins have different levels of toxicity, so experimentally 
measured toxicity levels are compared with the activity of standard endotoxin, E. coli.
142
 The LAL 
assay has been used to analyze collected bioaerosols, using a filter and an impinger from a sewage 
treatment plant to monitor endotoxin exposure of employees.
145
 It was found that endotoxin exposure 
was minimal, but the samples from the filter showed higher concentrations of endotoxins when 
compared with samples from the impinger.
145
 Results from the LAL assays were compared with GC 
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MS data of collected bioaerosol samples taken from a sewage treatment plant. The level of toxicity 




Laser Desorption Single Particle Analysis 
The ideal aerosol instrument, as defined by McMurry,
146
 has continuous measurement of the 
complete chemistry of single particles, continuous size and time resolution, including particle 
concentrations, size distributions, morphologies, chemical compositions, densities, refractive indices, 
and volatilities. Although there is no technique that can perform this task, it has long been realized that 
MS is ideal for aerosol particle analysis because of its general applicability and high sensitivity.
77
 
Single aerosol particle analysis using laser desorption ionization was first reported by Sinha in 1984.
147
 
Particles were irradiated with a Nd:YAG laser and the resulting ions were analyzed with a quadrupole 
mass spectrometer. The hardware for an aerosol mass spectrometer consists of an aerosol inlet, 
optional particle detection and sizing, and a mass spectrometer. The first aerosol TOF mass 
spectrometer instrument was reported by Mckeown and coworkers.
148
  
 Based on the LDI-TOFMS for single particle analysis, particle mass spectrometers, such as the 
PALMS (Particle Analysis by Laser Mass Spectrometry) and the ATOFMS (Aerosol Time-of-Flight 
Mass Spectrometer) were developed.
149
 Aerosol particles of oleic acid, NaCl, KCl, NH4Cl, (NH4)SO4 
and ZnSO4 were irradiated using an excimer laser at 193 nm and mass analyzed in a TOF.
148
 However, 
only particles of a certain size could be analyzed,
150-121
 revealing there were a number of limitations in 
particle sizing that needed to be overcome.
148
 Prather and co-workers developed an ATOF MS for on-
line analysis of particles from 0.2 to 3.0 m in diameter.
151
 The system utilized a CO2 laser at 10.6 m 
and/or a Nd:YAG laser at 355 nm or 266 nm (third harmonic and fourth harmonic, respectively) for 
desorption and a reflectron TOF analyzer for mass separation. As proof of concept, initial studies 
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focused on the aerodynamic velocity of single particles of NaCl, KCl, and Na2SO4 as a function of 
their size. It was noted that the aerodynamic velocity results were comparable to particle studies 
previously conducted by Sinha.
147, 151
 NaCl, KCl, and Na2SO4 particles were combined to form a single 




MALDI MS Bioaerosol Single Particle Analysis 
The concept of aerosol analysis has also been applied to bioaerosol analysis because LDI does 
not provide sufficient information for bacterial identification due to its limited mass range.
84, 152, 153, 154
 
With the introduction of matrices,
155
 aerosolized particles containing large biomolecules could be 
analyzed by irradiation.
156, 157
 Murray and Russell demonstrated the use of MALDI-TOF MS for 
aerosols of gramicidin S and lysozyme mixed with the matrix 4-nitroaniline.
156
 The aerosols were 
irradiated with a 355 frequency tripled Nd:YAG laser and separated in a linear TOF. Molecular ions of 
both analytes were detected.
156
 Murray and co-workers later demonstrated a 10-fold increase in 
resolution of aerosolized peptides by utilizing a reflectron TOF and a higher laser pulse energy.
157
 
Molecular ion peaks and post-source decay (PSD) fragments were observed for bradykinin, 
angiotensin II, and gramicidin D, while the molecular ion peak of vitamin B12 was detected with the 
loss of CN and a PSD fragment.
157
 The resolution of these peptides ranged from 300 to 400,
157
 which 
was subsequently improved with a resolution greater than for 400 for bradykinin, angiotensin II, 
gramicidin S, gramicidin D and vitamin B12.
158
 The maximum molecular weight reported for an 
aerosol reflectron MALDI-TOF MS was 5734 for bovine insulin.
159
 Using a dual polarity linear TOF 
with a focusing wire to guide higher masses to the detector, a cytochrome c monomer, dimer, and 
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Condensation matrix addition MALDI MS was introduced by Stowers et al. for the analysis of 
aerosolized gramicidin S, erythromycin, and Bacillus subtilis var niger generated using a Collison 
nebulizer with matrix added by condensation in a heated saturator.
161
 Protonated peaks of gramicidin S 
and erythromycin were observed while a peak at m/z 1224 was observed for the bacterial spores. 
Tandem electrospray ionization MS was used to further confirm the bacterial spore signal at m/z 1224, 
which is assigned as a fragment of the peptidoglycan layer of the cell. Jackson and Murray compared 
condensation matrix addition coated aerosolized peptides of gramicidin S and gramicidin D with liquid 
matrix 3-nitrobenzyl alcohol and without the addition of matrix.
34
 It was observed that matrix addition 
increased the molecular ion peak and resulted in less fragmentation compared to recorded spectra of 
the peptides that did not employ a matrix. Ion trap mass spectrometry analysis of aerosolized 
bradykinin, leucine enkephalin, and substance P particles coated with 3-nitrobenzyl alcohol and 
picolinic acid matrices has also been reported.
22
 Each peptide was coated with different size matrix 
particles. Particle size did not affect signal intensity of the spectra but showed that the sensitivity of 
this technique increases with smaller particle size. From these investigations, it was determined that the 
on-line addition of matrix to aerosolized particles, while in-flight, allows real-time analysis of 
aerodynamically-sized, individual aerosol particles. Analysis of collected particles can lead to loss of 
particle information due to chemical reactions and evaporation as well as slow analysis times.
162
  
Fergenson et al. used a dual polarity aerosol TOF MS in real-time to differentiate aerosolized 
B. thuringiensis, and B. atrophaeus.
163
 Experiments were also conducted to detect these species in the 
presence of other aerosolized biological material that could potentially be present in the environment, 
background aerosols (diesel, smoke, dust) and non-biological material such as white powders that 
could be present in a hoax situation. The ATOF MS spectra of B. thuringiensis, and B. atrophaeus 
were identical with the exception of the intensity differences of sodium and potassium peaks in the 
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spectra. However, Bacillus spores were detected in the presence of background aerosols and 
aerosolized biological and non-biological materials.  
 
1.5 Ion Mobility Spectrometry 
Ion mobility mass spectrometry (IMS) is a gas phase ion separation technique based upon the 
size and shape of ions. Ions are separated in a gas cell in the presence of a weak electric field.
75, 164
 The 
drift velocity is proportional to the collision cross-section, Ω, of the ion in the inert gas.
75
 Collisions 
with the inert gas slows down the ions: those with a large collision cross section encounter more 
collisions and spend more time in the drift cell.
165, 166
 IMS can be used at atmospheric pressure as well 
as partial vacuum.
75
 During its early development, IMS was coupled to analytical separation 
techniques such as gas chromatography,
167
 supercritical fluid chromatography,
168, 169
 and liquid 
chromatography,
170, 171
 primarily as a detector for the analysis of volatile compounds.
164, 172, 173, 174, 175, 
176, 177, 178, 179
 With advances in electronics, it was found that this technique could be used to detect 
trace impurities.
179




Snyder and coworkers used a hand-held IMS detector for the analysis of bacteria.
180
 The 
bacteria was mixed with (o-nitrophenyl)galactopyranoside (ONPG) of its high vapor pressure. 
Suspensions of E. coli cells ranging from 200 to 2000 cells and ONPG were added to the filter paper 
inside of a sterilized vial and allowed to incubate for 10-30 min at 40-42 °C. The vial was sampled at 
the IMS inlet and the IMS peak intensities were correlated with the number of bacterial cells. An IMS, 
with a thermal desorber heated to 300 °C or less, was also used for the analysis of whole cell 
bacteria.
181
 A number of experimental conditions were varied including, temperature and time spent on 
the thermal desorber and growth media. The spectra varied with experimental conditions, and it was 
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unclear if peaks in the spectra were the result of intact cells or products of cell decomposition from 
heating.  
 
Coupling Ion Mobility with Mass Spectrometry 
Ion mobility spectrometry combined with mass spectrometry (IMMS) is a useful tool for 
investigating complex mixtures because of its ability to separate different molecular classes.
75, 182
 
Coupling IMS with MS is beneficial because a mass analyzer can acquire a mass spectrum in a single 
scan.
183
 ESI and MALDI are ionization sources routinely used for IMMS in bioanalysis; whereas, 
radioactive ionization, corona discharge ionization, photoionization, and secondary electrospray 
ionization sources are used for gas phase samples.
75
 Mass analyzers routinely coupled to IM cells 
include quadrupole, ion trap, FTICR, and TOF mass spectrometers.
76
 An IMMS instrument is capable 
of sample introduction, ionization, ion mobility separation, mass separation, and ion detection.
75
  
The typical IM cell has two apertures: the first aperture is the entrance aperture where ions are 
formed in the presence of a background gas (He, N2, Ar, CH4) at 1-10 Torr,
183
 and the second aperture 
is the exit of the IM cell, which allows ions to leave the IM cell and enter the mass spectrometer.
75, 183
 
Ions are first separated by size-to-charge in the drift cell and then separated by m/z in the second 
dimension. However, IM drift cells suffer from poor sensitivity due to a low duty cycle from ion loss 
between the sampling aperture and mobility cell due to radial diffusion as well as the IM cell and the 
mass analyzer.
184
 The combination of ion funnels before and after the mobility drift cell has been 
shown to prevent the loss of ions during transmission.
165, 185, 186
 The first funnel is used to accumulate 
ions and pulse them into the drift cell and the second ion funnel is used to focus radially diffused ions 
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Detection of Bacteria using Ion Mobility Mass Spectrometry 
Recently, Dwivedi and coworkers investigated metabolites from E. coli strain W3110 extracts 
using IMMS with ESI.
188
 A total of 500 peaks were found in the mass range of 60 to 600 m/z of the 
IMMS spectrum of E. coli strain W3110 extract. To identify metabolites, m/z values were correlated 
with metabolites listed in the EcoCyc database, a bioinformatics model database for the bacterium E. 
coli K-12. Using the database, 186 metabolites in the mass range of 70 to 600 m/z were assigned.  
Their work demonstrated that IMMS with ESI can be used for low m/z metabolomics studies. This 
study was followed by the use of MALDI as ion source with IMMS for metabolite studies.
189
 Fewer 
metabolites were detected in the m/z range of m/z 300 to 1500.  
 
1.6 Research Objectives  
The objective of the work presented in this dissertation was to develop methods to detect 
microorganisms using matrix-assisted laser desorption ionization mass spectrometry (MALDI MS) and 
ion mobility spectrometry mass spectrometry (IMMS). First, bacterial species were analyzed in parallel 
using MALDI MS and IMMS. Resulting m/z values were correlated with proteins listed in the Rapid 
Microorganism Identification Database for identification. Bacterial species were also analyzed in the 
presence of environmental interferents and weaponizing agents. Spectra from these studies were then 
searched against the Bruker MALDI Biotyper database to determine whether characteristic biomarkers 
could be identified in the presence of the interferents. Lastly, bacterial cultures were grown and ablated 
using IR laser absorption sample transfer (LAST) and analyzed using a nano-structured assisted laser 
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CHAPTER 2. EXPERIMENTAL 
This work was performed using matrix assisted laser desorption ionization (MALDI) coupled 
with time-of-flight mass spectrometry (TOF MS) and ion mobility mass spectrometry (IMMS) and 
laser ablation sample transfer coupled with nano-assisted laser desorption ionization (NALDI). A 
detailed description of each instrument, experimental setup, and databases used for microorganism 
identification is also presented.  
 
2.1 Mass Spectrometry  
Mass spectrometry is an analytical technique that has the ability to separate ions based upon 
their mass-to-charge ratio (m/z),
77
 which can be used to determine the molecular weight and structure 
of chemical and biological compounds. A mass spectrometer has three basic components: ion source, 
mass analyzer, and detector as shown in the schematic diagram in Figure 2.1. In the ion source, analyte 
molecules are converted to gas-phase ions. The ions are separated according to their m/z ratio and are 








Figure 2.1. Schematic of a mass spectrometer. 
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2.2 Time-of-Flight Mass Spectrometry  
 A time-of-flight mass spectrometer is composed of an ion source, an acceleration region, a 
field-free drift region (also called the flight tube) and detector. The flight time of an ion begins at the 
point of ionization in the ion source. Ions are formed in the source and are then accelerated in an 
electric field into a field-free drift region towards the mass analyzer. The acceleration potential, which 
gives all of the ions the same kinetic energy, propels the ions at different velocities according to their 
mass and charge. In TOF systems, ion extraction can be axial or orthogonal. In axial extraction, the 
flight tube is on the same axis as the ion propagation direction and for orthogonal extraction, ions are 
extracted into a flight tube that is perpendicular to their initial direction of motion.   
The time it takes for ions to traverse the field-free drift region can be correlated to the m/z of 
the ions. Because all of the ions with the same charge have the same kinetic energy, low mass ions 
travel faster than larger mass ions and arrive at the detector first.
90, 190
 The length of the flight tube 
dictates the extent of ion separation. The arrival time of the ions at the detector is dependent upon their 
mass, m, in Equation (1) 
    
 
 
       ,     (1) 
 
where EKE is the kinetic energy, v is the velocity of the ion, z is the charge number of the ion, e is the 
electron charge, and V is the acceleration voltage. Note that this simple treatment neglects the time 
spent in the ion source and post-acceleration at the detector. Equation (1) can be rearranged to solve for 
the velocity of a singly charged ion (z = 1) as shown in Equation 2. 
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                                               (2) 
 
Equation (2) can be rearranged to solve for flight time (t): where d is the length of the field-free drift 








                                      (3) 
 
Equation 3 forms the basis of the mass calibration equation 
                                                  m = A· m
1/2 
+ B                                                                         (4) 
 
where A and B are empirically determined constants. The functional form of Equation 4 holds when 
acceleration and post-acceleration are taken into account.
191
  




   
 
   
  
 
   
                                                            (5) 
where m is the mass of the ion and t is the flight time; m and t are at the full width at half maximum 
(FWHM) of the mass and time peaks, respectively.  
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 A schematic of a linear TOF MS system is shown in Figure 2.2. In TOF MS, ions are typically 
accelerated by voltages in the range of 3 kV to 30 kV.
193
 The time for ions to reach the detector is a 
function of mass and is typically in the range of s. When used with MALDI ionization in axial mode, 
linear TOF is used for high mass analytes of 10 kDa and greater with applied potentials of 20 kV to 30 
kV.
194
 The use of high acceleration voltages limits the contribution of the initial ion kinetic energy 













The resolution of linear TOF MS is affected by the conditions of the ions at the point of 
ionization such as temporal distribution, spatial distribution, and initial kinetic energy distribution.
193
 A 
spread in temporal distribution arises from ions that have the same mass but are formed at different 
 
Figure 2.2. Linear time-of-flight mass spectrometer diagram.  
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times and travel through the drift region at a constant difference in space and time, as seen in Figure 
2.3 (a). Spatial distribution occurs when ions of the same mass are formed simultaneously and both 
have the same initial kinetic energy, but are formed in different locations, as shown in Figure 2.3 (b). 
Lastly, ions that have different initial kinetic energies have different velocities, and will reach the 












To improve resolution, delayed extraction (DE) can be used. In DE, once ionization occurs 
there is a time delay of a few hundred nanoseconds before the acceleration potential is applied.
195, 196, 
197
 At this point, ions with a higher initial velocity are farther from the target. Whereas, slower ions are 
closer to the target when the extraction potential is applied, so they are accelerated at a greater 
 
Figure 2.3. Initial ion formation effects. (a) Two ions that have the same mass and 
initial kinetic energy but formed at different times. (b) Two ions formed at different 
locations in the extraction field. (c) Two ions with the same mass formed in the same 
location but different initial kinetic energies. 
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potential than ions with higher velocities. This allows the initially slower ions to catch up to the faster 
ions, as shown in Figure 2.4. With the proper extraction delay, ions of the same m/z reach the detector 
at the same time. This process compensates for the initial velocity spread and has been shown to 
dramatically improve resolution.













Reflectron Time-of-Flight  
To improve mass resolution, a reflectron can be used to compensate for an initial kinetic energy 
spread.
193
 A reflectron is composed of a series of ring electrodes to which a gradient voltage is applied. 
 
 
Figure 2.4. Diagram of delayed extraction MALDI TOF MS. 
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The reflectron can be tilted at a small angle with respect to the flight axis, with an off-axis detector or 
not tilted with an on-axis detector. The electrostatic field slows the ions to a stop and accelerates them 
toward a detector. Ions with the same m/z with higher kinetic energies penetrate deeper into the  
reflectron and therefore, have a longer flight path, as shown in Figure 2.5. Ions with lower kinetic 
energy do not penetrate as far into the reflectron but are not accelerated to as great a velocity upon 
exiting. The detector is placed at the point where the faster ions catch up to the slower ions and thus 
compensates for the kinetic energy spread. 
Figure 2.5. Reflectron time-of-flight mass spectrometer diagram. 
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A reflectron can be single-stage, a double-stage, or a curved-field.
193
 The single stage reflectron 
has a single linear potential, shown in Figure 2.5. The purpose of each reflectron is to compensate for 
the initial kinetic energy distributions but each differs in design and the type of electrostatic static 
field being employed. The single-stage reflectron, which has the simplest design, has an entrance and 
equally spaced grid electrodes, with linearly increasing voltages, shown in Figure 2.5. The use of a 
double-stage reflectron corrects for the initial spatial distribution of ions in the ion source.
194
 The 
double-stage reflectron has two separate retarding fields of different potential gradients and an 
additional grid is employed,
197
 which is used to separate the two retarding fields. The first region of 
the double-stage reflectron is short and has a high retarding field; whereas the second region is 
longer.
193, 194
 In the first stage, the ions penetrate the first grid, which has the same potential as the 
flight tube (typically ground).
193
 The kinetic energy of the ions is reduced to one-third of its initial 
value. In the second stage, the ions are reflected. However, ions tend to collide with the grids causing 
ion scattering, which reduces transmission efficiency and sensitivity. A curved-field reflectron (CFR) 
is a device that has a non-linear increasing retarding field and has the ability to energy focus ions 
formed after their initial acceleration, including product ions and metastable decay products.
201
 Its 
design is similar to the single-stage reflectron, with the exception of non-linear voltages. The CFR 
decreases the depth of penetration for heavier ions, which reduces the dispersion of focal points of 
fragment ions of different masses.
202
 It can focus ions over a broad mass range and collect a spectrum 
from a single laser shot.
201
 In CFR, all ions are energy focused to the same spot, which is near the exit 
of the reflectron, while ions are focused to different focal lengths that are proportional to the mass of 
the fragment in linear-field reflectrons. For ions of different masses the CFR provides energy focusing 
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Orthogonal Extraction Time-of-Flight 
Orthogonal extraction is a method used to couple a continuous beam of ions to a TOF MS. For 
orthogonal extraction, ions are focused into a beam and extracted into the TOF that is orthogonal to the 
ion beam propagation direction, which is achieved using pulsed acceleration, as shown in Figure 2.6. 
With a sufficiently high pulse-out rate, a large fraction of the ions in the beam are directed into the 
TOF.
203













Tandem Mass Spectrometry 
Tandem mass spectrometry (MS/MS) is the coupling of two stages of mass spectrometry in 
space or time.
204
 A tandem system can be two of the same mass analyzers (e.g. two quadrupole mass 
 
Figure 2.6. Orthogonal time-of-flight mass spectrometer. Ions from a continuous ion source are 
extracted into the field free region by a high voltage pulse. 
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analyzers) or two different mass analyzers (a quadrupole and a TOF). For MS/MS, the process of 
events of mass selection, fragmentation, and mass analysis occur consecutively. Fragmentation can be 
caused by collisions with an inert gas, a surface, electron capture, electron transfer, photon absorption, 
heat, or with reactive neutral molecules.
90, 204
 Tandem in space means that mass analysis and precursor 
ion selection are performed in one section of the instrument, dissociated in an intermediate region, 
followed by mass analysis of product ions (fragments of precursor ions) in the second section of the 
instrument. Devices that are tandem in space includes sectors, tandem TOF, triple quadrupole and 
quadrupole time of flight
205
 Only one mass analyzer is used in the tandem in time approach. The ions 
are consecutively selected, activated, and mass analyzed in one analyzer. Mass analyzers that use the 
tandem in time approach are traps such as a Paul ion trap or FT-ICR.  
In TOF MS/MS, a specific mass selected (precursor ion) using a such as a Bradbury-Nielsen 
gate after the first TOF stage.
204
 Ions that are less than the m/z of the precursor ion are electrostatically 
deflected, then the deflector is turned off to let the precursor ion pass, and the high voltage is switched 
on again to deflect heavier ions. A Bradbury-Nielsen gate is an ion gate constructed of closely spaced 
parallel wires.
206
 The gate deflects ions when a potential of opposite sign is applied to each adjacent 
wire. When the potential between the wires is zero the ions pass. The gate closes by applying a 
potential of opposite sign to adjacent wires creating an electric field perpendicular to the ion path that 
deflects the ions. At approximately the middle of the MS/MS system, the precursor ion is fragmented 
by colliding with a neutral gas, such as He, N2, or Ar; this is known as collision induced dissociation 
(CID).
204
 The product ions are then mass analyzed in the second MS stage.
206
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Bruker UltrafleXtreme Tandem Time-of- Flight Mass Spectrometer  
MALDI TOF MS analysis was carried out using a Bruker UltrafleXtreme MALDI-TOF/TOF 
mass spectrometer fitted with a cell for tandem mass spectrometry and a linear and reflectron detector. 
This system has a 4 GHz digitizer, a resolution of 40,000 from 700 to 5000 Da, and a 1 ppm and 5 ppm 
accuracy for internal and external calibration, respectively. This system employs a 1 kHz diode-
pumped, frequency tripled Nd:YAG 355 nm solid-state laser with a homogenized modulated beam 
(Smartbeam II) laser
207
 with a computer controlled laser spot size in the range of 10-100 m.  
The MALDI ion source accepts several targets or adapter plates of the same size and shape. 
The MALDI target most commonly used with the MALDI-TOF/TOF has 384 possible deposition 
spots for high-throughput analysis.
208
 The MALDI-TOF/TOF instrument has nano-assisted laser 
desorption ionization (NALDI) targets that do not require a matrix, so there is no interference from 
matrix background. Adapter plates for imaging slides, NALDI targets,
209, 210
 and pre-spotted anchor 
chips with -cyano-4-hydroxycinnamic acid matrix and calibrations spots can also be used. Each plate 
or adapter plate has an integrated target transponder that is specific to each target and is read by the 
mass spectrometer upon insertion. Targets are introduced into the instrument automatically.  
  For MALDI MS, the MALDI-TOF/TOF operates at a maximum acceleration potential of 25 
kV, as shown in Figure 2.7. All the ions have the same kinetic energy and the flight time depends on 
the mass of the analyte. Ions and fragment ions formed in the source are detected. Data can be obtained 
for positive ions and negative ions in both linear and reflectron mode. Further details about the 



















The collision cell for tandem mass spectrometry is called the LIFT cell. The TOF/TOF is 
composed of (1) a gridless MALDI ion source with delayed extraction (DE), (2) a timed ion selector 
(TIS) Bradbury Nielson gate to allow ions of a specific mass to pass, (3) a collision cell (LIFT cell) to 
raise the potential energy of both parent and fragment ions, (4) a velocity focusing stage for post-
acceleration of fragment ions, (5) a post lift metastable suppressor (PLMS), which is located between 
the collision cell and the reflectron, that deflects precursor ions and unwanted fragment ions after post-
acceleration by operating at a raised potential, so that only ions formed between the source and LIFT 
are detected, and (6) a gridless ion reflector, and (7) detectors for linear and reflectron modes,
208, 211
 as 
illustrated in Figure 2.8. 
 
 
Figure 2.7. Diagram of the Bruker UltrafleXtreme MALDI TOF/TOF Mass Spectrometer for 
standard MALDI MS. 
 
 













2.3 MALDI Ion Mobility Mass Spectrometry  
Ion mobility spectrometry (IMS) is a fast gas phase technique that separates ions based on their 
charge and collision cross-section.
75
 The sample to be investigated is ionized and the ions enter the 
mobility drift tube. In the drift tube, ions are exposed to a weak electric field (E) and a buffer gas at a 
pressure of a few Torr, and are separated by their drift velocities (  ).  
Larger ions with greater collision cross-sections collide more frequently with the buffer gas 
than the smaller ions, and traverse the drift cell more slowly. This means that ions of the same mass 
and charge but different size can be separated. The drift velocity of an ion is given by 
Figure 2.8. Diagram of Bruker UltrafleXtreme MALDI TOF/TOF Mass Spectrometer in MS/MS 
mode. Ions leave ion source 1 with an energy of 8 kV. Precursor ions are selected in TIS and the 
precursor ions along with their product ions travel to the LIFT cell where they are further accelerated 
by an addition 19 kV for a total kinetic energy of 27 kV in the LIFT cell. After the precursor ions and 
their product ions traverse the collision cell they are then focused onto the detector. 
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                                                                                                                             (6)  
 where K is the mobility of the ion and E is the applied electric field. K is typically represented as 
reduced mobility,   , which is the mobility of the ion at standard temperature and pressure, and is 
given by 
    (
 
   
) (
   
 
)      (7) 
where P and T are pressure and temperature, respectively. 
 
The mobility of an ion in a buffer gas depends on a number of factors, including the ion charge, 
q, the number density of the drift gas, N, the reduced mass of the ion, , temperature of the drift gas, T, 
and the collision cross-section of the ion, D. From Equation (8), it can be seen that K is inversely 
proportional to D: 


















                                           (8) 
 
Ion Mobility Mass Spectrometry 
Ion mobility mass spectrometry (IMMS) is the combination of ion mobility and mass 
spectrometry. An IMMS instrument performs five functions, which are sample introduction, 
ionization, ion mobility separation, mass separation, and detection.
75
 In this two-dimensional 
separation technique, ions are separated by their size/charge, while colliding with a buffer gas, in the 
first dimension and are separated in the second dimension, according to their m/z.  
 
  46  
 
There are four types of ion mobility drift cells that are coupled with mass spectrometers: drift-
time, aspiration, field asymmetric (also known as differential mobility), and traveling wave mobility. 
These ion mobility cells are routinely coupled with a number of different mass analyzers: quadrupole, 
ion trap, FTICR and TOF.
76
 The use of TOF and orthogonal-acceleration (OA) TOF mass analyzers is 
advantageous because of their high duty cycle.
75
 In an aspiration ion mobility cell a buffer gas is 
introduced into the cell perpendicular to the electric field, which continuously directs ions onto the 
electrodes for detection. Field asymmetric ion mobility cells use an alternating high and low electric 
field is applied to two parallel or concentric electrodes. Ions are separated by their mobility difference 
in the two fields. A voltage is applied to one electrode to focus the ions through the electrodes and into 
the mass spectrometer. Another approach that has been used for the separation of ions in drift cells is 
traveling wave ion mobility separation (TWIMS) that operates at a reduced pressure with a radio 
frequency ion guide. The mobility cell comprises a series of electrodes with a high electric field that is 
applied sequentially from one electrode to another, in the same direction as ions migrate through the 
mobility cell.
75, 165,212
 The traveling wave separates the ions as they traverse the cell.
75, 165
 A drift-time 
ion mobility (DTIM) cell, which was used for a portion of the work in this dissertation, is a commonly 
used ion mobility cell and is referred to as an IMS cell.
24
 DTIM cells are the only ion mobility cells in 
which the drift time can be used to directly calculate the collision cross-section of an ion.  
Data recorded from this two-dimensional technique can be represented as a contour plot of ion 
signal as a function of mobility drift time and m/z. The correlation of mobility drift time and m/z is 
observed on trend lines of mass plotted as a function of drift. Ions with similar structures fall on the 
same trend line and ions that are structurally different are observed as outliers from the trend line.
213
 
Different classes of molecules such as peptides, lipids, carbohydrates, and nucleic acids that can be 
present in complex biological mixtures can often be distinguished by their ion mobility trend lines.
214, 
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215
 Sometimes ions of the same class can deviate from the trend line and, in some cases, this deviation 
is greater than 10%.
75
  
Ion mobility spectrometry combined with mass spectrometry (IMMS) is a useful tool for 
investigating complex mixtures because of its ability to separate different molecular classes.
75, 182
 Ions 
are first separated by size-to-charge in the drift cell and then separated by m/z in the second dimension. 
Samples can be introduced into these devices by a number of techniques and ionized by a variety of 







 and complex peptide 
mixtures.
165, 166, 183, 214, 221, 222, 223, 224, 225, 226, 227, 228, 229
 
Both electrospray ionization (ESI) and MALDI have been used for analyte introduction for 
IMMS. ESI is susceptible to impurities and produces multiply-charged ions. When using continuous 
ion sources like ESI and low duty cycle extraction, the sample is not used efficiently.
75
 Ion funnels 
have been used after the mobility cell to improve ion transmission.
184, 230
 On the other hand, MALDI is 
tolerant of impurities. When using MALDI as ionization source, each laser pulse creates an ion packet 
that can be introduced for mobility separation. In addition, MALDI produces singly-charged ions, 
which makes spectra easy to interpret even at relatively low mass resolution.  
 
Ionwerks Ion Mobility Time-of-flight Mass Spectrometer 
A matrix-assisted laser desorption ionization ion mobility time-of-flight mass spectrometer 
(MALDI IM-TOF MS) developed by Ionwerks Inc. (Houston, TX) was used for the work reported in 
Chapter 3. A schematic of the MALDI IM-TOF MS system is shown in Figure 2.9. In this system, 
analytes can be ionized by a UV or IR laser. The system is equipped with a diode pumped Q-switched, 
349 nm (third harmonic) Nd:YLF laser (Crystalaser, Reno, NV) used at a repetition rate of 200 Hz 
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(maximum repetition rate of 1 kHz). The beam is focused using a 15 cm focal length quartz lens that 

















The sample target is at ground potential, which allows the high voltage bias to pull the ions through the 
He gas. The bias voltage can be changed to allow both positive and negative ions to be analyzed. A 
flight tube liner is floated at this bias voltage. Ions desorbed by the laser drift for 15 cm under a 
 
 
Figure 2.9. Diagram of the ion mobility time-of-flight mass spectrometer with a MALDI ion source. 
The ultraviolet (UV) laser is used to ionize the sample and the vacuum ultraviolet (VUV) laser is 
triggered by the delay generator (DG) and is used to post-ionize neutrals in the MALDI plume. The 
high voltage (HV) pulser and the time-to-digital converter (TDC) are also triggered by DG. The signal 
from the reflectron detector is amplified and transferred to the TDC and computer (PC). 
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constant electric field in the mobility cell that is maintained at a pressure of 3 Torr He. The interaction 
of the ions with the buffer gas separates them according to their size-to-charge.   
After each laser pulse, the ions drift to the end of the mobility cell, which is biased by 1900 V 
that is applied to a resistor divider network connected between the sample plate and the exit of the 
mobility cell. At the end of the mobility cell, ions pass through a 0.5 mm orifice into a differentially 
pumped region before being orthogonally accelerated into the 40 cm reflectron TOF mass spectrometer 
where they are separated according to their m/z. Typically, ion mobility drift times are on the order of 
microseconds (s) to milliseconds (ms), while the flight times are on the order of s. This time 
differential means that several hundred mass spectra are generated after each laser pulse. The mass 
spectra are stored individually with their associated ion mobility drift times. This cycle is repeated for 
several hundred laser shots until there is enough intensity to plot ion mobility as a function of m/z. A 
mobility resolution of 30 (FWHM) and a mass resolution of 3000 (FWHM) at 1000 m/z is obtained. 
Ions were detected using a microchannel plate and four-anode detector. Mass spectra are acquired after 
each laser shot, at intervals of every 30 to 150 s, taking into account the mass range. A time-to-
digital-converter in ion-counting mode was used to acquire the signal. Data are plotted as two-
dimensional contour plots of signal as a function of mobility and m/z using IDL software (Research 
Systems, Boulder, CO).  
Vacuum ultraviolet (VUV) post-ionization was performed with a 157 nm fluorine excimer 
laser. The 349 nm desorption laser beam was focused onto the target and the VUV laser beam was 
parallel to the target several millimeters away. The repetition rate of the lasers was set to 200 Hz and 
the delay time between the two lasers was 500 s. The VUV was focused to a spot size of 0.5 mm x 1 
mm, using a custom-built nitrogen purged enclosure with adjustable controls. This configuration 
allows the VUV laser to ionize the neutrals in the laser desorbed plume. The ions were separated in the 
ion mobility cell and then by the TOF, as described above.  
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2.4 Ionization 
Matrix Assisted Laser Desorption Ionization  
MALDI is a soft ionization technique that can be used for the analysis of large biomolecules. 
Using this technique, molecular weight and structural information from intact biomolecules can be 
obtained. MALDI is similar to LDI, a process in which a UV or IR laser can be used; however, 
MALDI utilizes a matrix, which is typically a small organic acid. The choice of matrix depends on the 
wavelength of the laser being used and the analyte being investigated. Typically, the matrix to analyte 
molar ratio ranges from 1000:1 to 10000:1. 
231, 232
 A list of commonly used UV matrices is shown in 












Table 2-1 Commonly used UV MALDI matrices. 
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The analyte and matrix solution are mixed together and allowed to dry and co-crystallize. The 
co-crystallized mixture is then irradiated with a pulsed laser as shown in Figure 2.10. The matrix has 
three primary functions; the first is to absorb the energy of the laser and form ions, the second is to act 
as a solvent for the analyte to minimize aggregation, and lastly, to aid ionization by proton transfer to 
the analyte. The MALDI ablation plume contains ions and neutral species. In MALDI mass spectra, 





Figure 2.10. Illustration of analyte and matrix ions before and after laser irradiation of sample 
on MALDI target. 
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Nano-assisted Laser Desorption Ionization Mass Spectrometry 
A number of methods have been investigated for matrix-free analysis MS using nano-structured 
targets to avoid low mass (less than 1000 Da) interference from matrix ions.
233, 234, 235, 236
 Researchers 
have investigated a number of nano-structured surfaces, including porous silicon, silicon nanowires, 
carbon nanotubes, and porous alumina.
236
 These matrix alternatives absorb the energy of the laser and 
aiding in ionization. Based on these architectures, 100 spot disposable nanostructure-assisted laser 
desorption ionization (NALDI) targets have been commercially developed for the analysis of low mass 
molecules.
209, 234, 236
 The nanostructures are silicon nanowires grown from silane vapor with a diameter 





The top layer of the of inorganic nanostructures is coated with a hydrophobic organic layer that allows 
sample droplets to adhere to the surface of the NALDI target.
234
 Similar to the role of the MALDI 




Laser Desorption Vacuum Ultraviolet Post-ionization  
The MALDI plume contains both ions and neutral species, although significantly more neutral 
species are formed. Only the ionized species are detected in the mass spectrometer. To ionize the 
desorbed neutral species, a second laser can be used for photoionization.
237
 The second laser can be a 
UV laser or an IR laser.
238
 Plume photoionization is similar to MALDI, with the addition of a second 
laser for ionization, however a matrix is typically not used.
239
 The ionization of desorbed neutrals can 
increase the ionization efficiency. For this work, a VUV laser was used.   
At VUV wavelengths molecules are ionized by a single photon if the ionization energy (IE) is 
less than the photon energy. VUV wavelengths are in the range of 105 nm to 165nm correspond to 
photon energies of 7.5 eV to 11.8 eV.
239
 A commonly used VUV source in MS is the 157 nm fluorine 
(F2) excimer laser.
237, 240
 The F2 excimer laser has a pulse width of 10 ns at 7.8 eV.
241
 Although the 
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photon energy of some VUV sources, such as the F2 laser, is lower than the IEs of most biomolecules, 
this can be advantageous for the detection of low IE analytes in a mixture with high IE analytes.
239
 
However, biomolecules with high IEs can be derivatized with low IE aromatic compounds that act as 
chromophores for post-ionization and detection.  
 
2.5 Laser Ablation Sample Transfer  
Laser ablation sample transfer (LAST) is a technique conducted under ambient conditions that 
uses a pulsed laser to ablate an analyte for collection into a solvent, which can then be analyzed using 
MS.
242
 A UV or IR laser can be used, but IR lasers are more effective because they have a greater 
penetration depth and more material is removed from the sample surface.
243, 244
 In this work, the IR 
source used is a wavelength tunable pulsed mid-infrared optical parametric oscillator (OPO) at 2.94 
μm. The 2.94 μm wavelength is used because it is near the peak of the OH stretch absorption of water 
and other solvents.  
The LAST sample preparation setup has a 3 mL syringe mounted on a manually controlled xyz 
stage (Model 461, Newport, Irvine, CA). A Petri dish containing freshly cultured bacterial colonies 
was placed directly beneath the mounted syringe and irradiated by the infrared laser as shown in Figure 
2.11.
242
 The syringe was connected to a Luer taper adapter union that contained a 360 μm OD and 50 
μm ID coated fused silica capillary. The syringe was operated manually, which allowed different 
droplet sizes to be produced. A video camera and a macro lens was used to observe the droplet size.  
The OPO source (OPOTEK, Carlsbad, CA) was used at 2.94 μm with a repetition rate of 2 Hz. 
The laser was directed at the target at a 45º angle and focused onto the target with a 250 mm focal 
length lens. The spot size of the laser beam at the capillary tip was approximately 200 μm x 300 μm as 
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determined with laser burn paper. The maximum laser energy was 1.75 mJ with no attenuation. The 
















Petri dishes containing bacterial cultures for ablation were placed below the syringe, which 
contained a mixture of 70% acetonitrile and 30% of 0.1 % TFA. The distance between the colonies on 
the Petri dish and the bottom of the droplet was 1 mm and the droplet was 1 mm in diameter. The laser 
irradiated the bacterial colonies for 60 laser shots at 25 mJ. After ablation of the sample and its 
collection in the droplet, the syringe was removed from the xyz stage so that the droplet containing the 
material collected from the bacterial colonies was deposited on the NALDI target. NALDI mass 
spectra were obtained using the MALDI-TOF/TOF mass spectrometer. 
 
Figure 2.11.  Laser ablation sample transfer (LAST) setup. 
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2.6 Databases 
 Bioinformatics is the utilization of computation and analysis to interpret biological data.
245
 
High-throughput technological advances for bioanalysis have afforded researchers the ability to obtain 
and store large data sets. Bioinformatic tools, such as databases, are used to manage large data sets for 
bioanalysis for molecule identification as well as structure functions relationships. These databases 
contain biomolecule sequence information and spectra that is used to determine biomolecule and 
microorganism identification. When using a protein sequence database, experimental data such as m/z 
values from mass spectra can be compared with information in the database; while, in a matching or 
fingerprint database, mass spectra can be directly compared to the mass spectra database.  
 
Rapid Microorganism Identification Database 
The Rapid Microorganisms Identification Database (RMIDb) is a database for microorganism 
identification by mass spectrometry using the masses of proteins and peptides from whole cell intact 
microorganisms and trypsin or acid treated cells.
246
 The RMIDb contains protein sequence data from 
the Ventor Institute's Comprehensive Microbial Resource (CMR), UniProt's Swiss-Prot and TrEMBL, 
Genbank's Protein, and RefSeq's Protein and Genome collection. The database uses a Glimmer 
algorithm
247, 248
 to predict proteins of microorganisms that have limited sequence information 
compared to well-characterized proteins of microorganisms with completed genomes. These possible 
protein sequences are from a number of different protein database sources. Since its initial 
development, the code for Glimmer has been rewritten to include improvements in sensitivity and 
specificity.
248
 The latest version of Glimmer is Glimmer3, which was used in this work.
249
 If a 
Glimmer3 sequence is the only matching sequence for a specific m/z, this means there is no protein 
sequence in the database that corresponds to the given mass. There is a possibility that the protein 
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sequence does not exist or it could be a real protein that is simply missing from the protein sequence 
database(s). 
In total, the RMIDb has 47,130,460 protein sequences (21,057,195 distinct protein sequences) 
from 86,145 organisms, representing 35,318 species available for searching as of January 2011. The 
RMIDb has protein sequences from protein annotations on 1140 sequenced genomes representing 800 
species. For identification, the RMIdb can be used to perform searches for peptides and proteins from 
all sources. Information that can be specified in the database query for all searches include the charge 
of the m/z values as well as mass error. The list of possible proteins or peptides from the database that 
are a match to the proteins or peptides in the mass spectrum is determined by a p-value that ranges 
from 0 to 1.
15
 The p-value is dependent upon the number of matches of the specific m/z value, the 
number of predicted fragment ions for MS/MS spectra and their masses, and the number of fragment 
ions generated.
15
 Small p-values indicate a high probability of identification. 
 
Bacteria Fingerprint Matching 
MALDI Biotyper software has an integrated database and is designed for whole cell 
microorganism identification using MALDI MS.
118
 This microbial database has a total of 3290 spectra 
corresponding to a number of microorganisms including yeasts, fungi, viruses, and bacteria. The 
reference spectra in the database are grouped according to microorganism taxonomy. All 
microorganisms have a protein fingerprint profile or signals attributed from biomarkers based upon its 
molecular composition. In this case, the software measures high abundance proteins and ribosomal 
proteins as identifiable biomarkers for identification. Ribosomal proteins are routinely found in 
MALDI spectra of whole cell bacteria. Microorganism cells from agar cultures, broth cultures, or 
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lyophilized cells can be transferred to a target or extracted and analyzed using MALDI, see Figure 2.12 













The reference spectra libraries are called main spectral projection (MSP) libraries and contain 
lists of peaks and intensities of all microbial strains in the integrated microbial database. Each MSP is 
composed of an average of 20 independent peak lists which contains peak position, peak intensities, 
and peak frequency among the set of 20 spectra for the most prevalent peaks.
33,34
 Once experimental 
mass spectra are imported into the MB and before searching for an identification, MB uses an 
alignment function to calibrate the unknown spectra against the reference spectra to reduce the number 
of mass deviations.
106
 Then using an integrated pattern matching algorithm, which considers m/z 
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values, peak intensity, and how often each peak appears compared to reference spectra, the 
experimental spectra are compared to the reference spectra. After this process, a graphical 
identification window appears that shows the experimental spectrum that sits above an inverted 
spectrum from the reference library. This illustrates the similarities and differences between the 
experimental spectrum and the spectrum from the database that the experimental spectrum most 












A score table of ten possible matches is produced with score values in decreasing order. The 
score is calculated based on the correlation of peak position, peak intensities, and peak frequency of 
the experimental and reference spectra of the matched peaks.
14, 100, 106
 From these comparisons, three 
resulting scores are calculated: (1) the relative score, which can have a maximum value of 1, reflects 
the number of peaks of the reference spectrum that are a match with peaks from the unknown 
 
 
Figure  2.13. MALDI Biotyper graphical identification window. The top spectrum 
is the observed experimental spectrum and the inverted spectrum at the bottom is the 
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spectrum; (2) the relative p-number, which also can have a maximum value of 1, is the sum of the 
number of peaks matched within the error window and half the number of peaks that lie outside of the 
error window divided by the total number of peaks in the unknown spectrum; (3) the intensity 
correlation between the matched peaks. The product of the relative score, relative p-number, and the 
intensity correlation is multiplied by 1000 and converted to its common logarithm score of 0 to 3.
6,36,37
 
A score of 0 means there is no match and a score of 3 is a perfect match and is only achieved when 
spectra are matched with themselves.
6
  
MALDI Biotyper (MB) was developed for and has primarily been used to identify 
microorganisms in clinical settings.
13,36,38,39 
Based upon score values it can be determined whether an 
identification is correct at the species or genus level. This is shown in Table 2-2. A score >2.00 is 
displayed in green and is considered to a probable identification at the species level; a score in the 
range of 1.7-1.99 is displayed in yellow and is considered to be a probable identification at the genus 










Table 2-2.  Explanation of possible identifications.  
Range Description Symbols Color 
2.300.. 3.000 highly probable species identification ( +++ ) green 
2.000.. 2.299 
secure genus identification, probable species 
identification 
( ++ ) green 
1.700.. 1.999 probable genus identification ( + ) yellow 
0.000.. 1.699 no reliable identification ( - ) red 
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When the processing program is run on the same computer as the mass spectrometer 
acquisition program, it can be configured to automatically import the acquired spectra and search the 
database for identification. For analysis of closely related species or subtyping, the MB software also 
uses other bioinformatics tools such as dendrograms and principal component analysis (PCA). Both of 
these tools can identify patterns within the data and graphically show their differences and similarities. 
A dendrogram is a tree-like visual representation that illustrates the relationship of one species to 
another. The PCA method, a statistical method, is able to reduce a large data set that has a number of 
dependent variables (in this case different intensities and peak positions for defined masses) to a 
smaller data set that retains most of the information of the larger set of data. Additionally, MB allows 
users to create their own reference spectra and reference libraries.  
 
2.7 Samples and Reagents 
Analytes and Matrices 
Lyophilized Bacillus subtilis ATCC 6633 and Escherichia coli strain W ATCC 9637 used in 
the MALDI-IM TOF MS studies were purchased from Sigma Aldrich (St. Louis, MO) and used 
without further purification. Other cultures used in this study including Escherichia coli 35218, 
Escherichia coli 21332, and Enterobacter aerogenes 13048, and were purchased from American Type 
Culture Collection (Manassas, VA) as ampules and cultured in the laboratory. Fumed silica, bentonite, 
and pollen (from Juglans nigra-black walnut) used in the bacterial interferent studies were purchased 
from Fisher Scientific (Pittsburgh, PA). Diesel particulate, which was also used in the bacterial 
interferent studies, was purchased from the National Institute of Standards and Technology 
(Gaithersburg, MD). 
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The matrix -cyano-4-hydroxycinnamic acid (CHCA; Sigma-Aldrich) was stored at -20 ºC and 
used without further purification. Saturated matrix solutions were prepared by dissolving 30 mg of 
CHCA matrix in 1 mL of 1:1 ACN/0.1% TFA. For the MALDI-IM TOF MS investigation, the 
saturated matrix was mixed with the suspension in a 1:2 ratio of bacterial suspension/matrix solution of 
which a 1L volume was deposited on the target and allowed to dry. Matrix solutions for the bacterial 




     Bacteria were cultured by suspending bacterial pellet in 0.75 mL of nutrient broth. The 
suspended bacterial solution was then poured into a test tube containing approximately 6 mL of 
nutrient broth. Several drops of the suspension were used to inoculate a Petri dish containing nutrient 
agar. Next the test tube and plate were incubated at 30 °C for B. subtilis and 27 °C for E. coli. After 24 
hours, 1 mL aliquots of the bacteria-nutrient broth solution was transferred into six 500 mL growing 
flasks containing 250 mL of nutrient broth. The suspensions were incubated for 24 hours at the proper 
temperature for each bacteria sample. The cloudy bacterial solutions were placed in micro-centrifuge 
tubes and centrifuged at 3200 RPM for 30 minutes. Next, the bacterial pellet was washed with 
nanopure water and centrifuged again for 30 minutes at 3200 RPM twice after pouring off the 
supernatant from the centrifuge tube was poured off. Any remaining supernatant was poured off and 
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Calibration Standards 
Mass calibration for the mass spectrometer was achieved using Bruker Mass Calibration 
Standards. For the analysis of compounds in the range of 700 to 3500 Da, Bruker Peptide Calibration 
Standard II was used. This standard contains a mixture of nine standard peptides for calibration, as 
shown in Table 2-3. The masses for the peptide calibration mixture can be observed as protonated 
monoisotopic masses or average mass. Monoisotopic mass is the exact mass of an ion or molecule 
using the mass of the most abundant isotope of each element,
250
 whereas, the average mass is the 
average of  all of the natural isotopes. The peptide calibration standards were received as dry peptides 
in a micro centrifuge tube. A volume of 125 µL of 0.1 % TFA in nanopure water was added to dissolve 
the peptides or proteins and mixed well in the micro-centrifuge tube. A volume of 1 µL of the peptide 
or protein standard was mixed with 1 µL of CHCA in an organic-acidic solvent mixture of 1:1 (v/v) 










                  Table 2-3. List of Bruker Peptide Calibration II Standard peptide masses. 
Peptide Calibration Standard [M + H ]
+







Angiotensin II 1,046.5418 1,047.19 
Angiotensin I 1,296.6848 1,297.49 
Substance p 1,347.7354 1,348.64 
Bombesin 1,619.8223 1,620.86 
ACTH clip 1-7 2,465.1983 2,466.68 
ACTH clip 18-39 3,1.47.4710 3,149.57 
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The remaining peptides or proteins were stored at 20 °C until further use. The peptide calibration 
masses can be observed as a protonated monoisotopic molecular ion peaks [M+H]
 +
 or average 
protonated molecular ion peaks. A MALDI mass spectrum of the peptide calibration mixture is shown 











Bruker Protein Calibration I Standard was used to observed compounds in the 4,000 to 20,000 Da 
range. The protein standards contained a mixture of four proteins: cytochrome c, insulin, ubiquitin, and 
myoglobin. The observed protonated average masses of the proteins from protein mixture are listed in 
Table 2-4. The protein calibration standards were received as dry protein in a micro centrifuge tube and 
were prepared in the same manner as the peptide calibration mixture, with the exception of the choice 
of using 1 µL of SA matrix in an organic-acidic solvent mixture of 1:1 (v/v) CAN/0.1% TFA in 
 
Figure 2.14. MALDI mass spectrum of the Bruker Peptide Calibration II Standard. 
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nanopure water, instead of CHCA. A MALDI mass spectrum of the protein calibration mixture with 


















       Figure 2.15.  MALDI mass spectrum of Bruker Protein Calibration I Standard.  
              Table 2-4. List of Bruker Protein Calibration I Standard protein masses. 
Protein Calibration Standard I [M + H ]
+
 average 
Insulin   [M + H ]
+
 5734.51 
Ubiquitin I   [M + H ]
+
 18565.76 
Cytochrome C   [M + H ]
+
 12360.76 
Myoglobin     [M + H ]
+
 16952.30 
Cytochrome C    [M + 2H ]
2+
 6180.99 
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A Bruker Bacterial Test Standard (BTS) was used to calibrate the MALDI TOF MS for the study 
conducted in Chapter 4. The BTS is an extract that contains peptides and proteins from E. coli 
DH5alpha spiked with high mass proteins, ribonuclease (RNAse) and myoglobin, in the range of 
approximately 3600 to 16950. The average masses of the BTS are shown in Table 2-5. The RL29 
protein is observed as a doubly charged protonated molecule ([M + 2H]
2+
) , while other proteins from 
the BTS mixture is observed as singly charged protonated molecules. The acceptable mass tolerance is 










The BTS calibration mixture was received as a dry mixture in a mcirocentrifuge tube. The calibration 
mixture was prepared by dissolving in a 50 uL mixture of 50% pure acetonitrile, 47.5% nanopure 
water, and 2.5% trifluoroacetic acid and pipetting up and down a minimum of 20 times to ensure 
adequate mixing. The BTS was then allowed to incubate for five minutes at room temperature. After 
the five minute incubation period, the standard was pipetted up and down a minimum of 20 times and 
           Table 2-5. List of Bruker Bacterial Test Standard (BTS) peptides and proteins. 
Bacterial Test  Standard Avg Reference mass + 300 ppm range 
RL29   [M + 2H ]
2+
 3637.8 3637.7 – 3638.8 
RS32   [M + H ]
+
 5096.8 5095.3 – 5098.3 
RS34   [M + H ]
+
 5381.4 5379.8 – 5383.0 
RS33meth   [M + H ]
+
 6255.4 6253.5 – 6257.3 
RL29     [M + H ]
+
 7274.5 7272.3 – 7276.7 
RS19   [M + H ]
+
 10300.1 10297.0 – 10303.2 
RNAse A  [M + H ]
+
 13683.2 13679.1 – 13687.3 
Myoglobin   [M + H ]
+
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stored at 20 °C until needed. The BTS was used by depositing 1 µL on the MALDI target and after 
drying it was overlaid with 1 µL of saturated CHCA matrix prepared in 1:1 (v/v) of 50% ACN and 
2.5% TFA in nanopure water. A MALDI mass spectrum of the BTS calibration mixture is shown in 




Figure 2.16.  MALDI mass spectrum of the Bruker Bacterial Test Standard for calibration. 
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CHAPTER 3. MATRIX ASSISTED LASER DESORPTION IONIZATION ION 
MOBILITY TIME-OF-FLIGHT MASS SPECTROMETRY OF BACTERIA* 
1 
In this chapter, the detection and identification of B. subtilis 6633 and E. coli 9637 bacteria 
using MALDI-TOF-IM MS and MALDI-TOF MS is described. MALDI-TOF and MALDI-TOF-IM 
MS were conducted in parallel to assess the effectiveness of MALDI-IM-TOF MS for microorganism 
identification. Mass spectra from each experiment were compared and peaks greater than or equal to 
4,000 m/z were submitted to the RMIdb database for identification. VUV post-ionization MALDI-IM-




Mass spectrometry was first used for bacteria fingerprinting in 1973.
78
 Using pyrolysis with 
electron impact ionization MS, it was observed that different species and strains within a species have 
different spectral fingerprints. However, researchers did acknowledge the limitations of this technique 
due to the fragmentation caused by electron ionization. Since then, advances in soft-ionization 
techniques, particularly matrix-assisted laser desorption ionization (MALDI), have led to broader use 
of mass spectrometry for the study of bacteria.
251
 MALDI typically produces singly charged ions, 
which can reduce spectral congestion. The characterization of bacteria using matrix-assisted laser 
                                                 
 
The work reported in this chapter has been published in ACS Symposium Series. Hayes et al., Matrix 
Matrix Assisted Laser Desorption Ionization Ion Mobility Time-of-Flight Mass Spectrometry of Bacteria. In 
Rapid Characterization of Microorganisms by Mass Spectrometry, 2011; Vol. 1065, pp. 143-160. Reprinted 
by permission of ACS. 
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desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS) has been demonstrated by a 
number of groups.
107, 111, 252, 253, 254, 255, 256
 The MALDI approach to bacteria detection is attractive 
because of its low detection limit and tolerance for impurities. Identification is based upon 
characteristic peaks, termed biomarkers, that are attributed to molecules such as proteins, peptides, 
DNA, lipids, polysaccharides, and lipopolysaccharides.
257
 Spectra can be used to generate a reference 
library in which pattern matching algorithms can be applied to compare spectra for identification. Most 
identifications are based on highly abundant and conserved ribosomal proteins which tend to dominate 
bacterial mass spectra.
9
 Using these approaches, MALDI has demonstrated the ability to identify 
bacteria at the species and genus levels and strains within a species.
9, 10, 258
 
It is standard practice to identify microorganisms using in-house databases or using public 
database searches.
111, 259
 There are some molecules found in bacteria that are conserved among 
different species, which makes distinguishing one species from another difficult.
107, 260, 261
 Analyzing 
bacteria mixtures can also be difficult due to spectral congestion and interferences due to isobaric 
lipids, peptides and other biomolecules. In addition, if bacteria are to be identified from collected 
material such as bioaerosols, significant background interferences may be encountered. To address 
these issues, there is a need for rapid analysis methods that have the ability to differentiate one 
bacterial species from one another based upon their characteristic profiles even if the biomarkers are 
obscured in mixtures of bacteria or background interferences.  
Ion mobility spectrometry (IMS), as introduced in Chapter 1 and described in Chapter 2, is a 
fast gas phase separation technique that separates ions based upon their charge and collision cross 
section.
75
 Molecules in the sample to be investigated are ionized and the ions enter the mobility drift 
tube. In the drift tube, ions drift in a weak electric field and a buffer gas at a pressure of a few Torr. 
Ions with greater collision cross sections collide more times with the buffer gas than the smaller ions, 
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thus smaller ions traverse the drift cell more quickly. This means that ions of the same mass but 
different size can be separated.  
Ion mobility spectrometry combined with mass spectrometry (IMMS) can be used to 
investigate complex mixtures that are often encountered in bacterial biomarker identification, including 
both background and environmental interferences and complex mixtures of bacteria.
76
 Both 
electrospray ionization (ESI) and MALDI have been used for analyte ionization for IMMS 
investigations. But for rapid bacteria identification, MALDI has the advantage of faster sample 
preparation, tolerance of impurities, and the propensity to produce singly charged ions, which can 
reduce spectral congestion. In IMMS, ions drift in the presence of a weak electric field through an 
intermediate pressure buffer gas (typically helium) and are separated according to the ratio of their size 
to charge. This separation occurs on a millisecond time scale and is characterized by the ion mobility 
drift time.
75
 Different classes of molecules common in biological samples and complex mixtures such 
as peptides, lipids, carbohydrates, and nucleic acids are separated in the first dimension by size-to-
charge and then in the second dimension by mass-to-charge.  
The plot of ion mobility drift time as a function of m/z is a mass-mobility correlation 
represented in two-dimensional space for multiple components as groupings of peaks with different 
slopes that are called trend lines. Ions of a particular biomolecular class tend to lie on a single trend 
line. Each biomolecular class has different collision cross sections, for example oligonucleotides > 
carbohydrates > peptides > lipids.
214-262
 When investigating a complex mixture, results show multiple 
trend lines,
213, 222
 thus, allowing initial identification of molecular classes.
214
 By using IMMS, 
identification of multiple biomolecular ions can be achieved at once, which decreases identification 
times.  
IMS has been used as a tool for bacterial biomarker profiling.
180, 181, 263
 Snyder and co-workers 
used IMS to indirectly detect E. coli (ATCC 11303) by monitoring the reaction of in vivo E. coli -
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galactosidase enzyme with (o-nitro-phenyl) -D-galactopyranoside (ONPG), an enzyme assay used to 
detect water contaminated with Enterobacteriaceae.
180
 Similarly, IMS with thermal desorption for 
sample introduction was used to generate fingerprints and differentiate between bacterial strains of 
whole cell bacteria directly from colonies on agar plates.
181
 Using IMS in conjunction with MS, more 
than 200 metabolites from E. coli cultures were detected.
188
 
In this chapter, we report the identification of microorganisms utilizing MALDI-IM-TOF MS 
and MALDI-TOF MS. Initial studies focused on testing IMMS for bacteria identification and then this 
technique was used to study common bacteria such as E. coli and B. subtilis, which are both well 
studied using mass spectrometry and have been investigated by a number of groups.




A total of 20 mg/ml of each lyophilized Bacillus subtilis ATCC 6633 and Escherichia coli 
strain W ATCC 9637 cells were suspended in 1:1 ACN/0.1% TFA and vortexed. Saturated matrix 
solution of -cyano-4-hydroxycinnamic acid (CHCA) was prepared by dissolving 30 mg of CHCA 
matrix in 1 mL of 1:1 ACN/0.1% TFA. The matrix solution was mixed with the suspension in a 1:2 
ratio of bacterial suspension to matrix solution. A 1L volume was deposited on the target and allowed 
to dry. Samples were prepared in the same manner for the MALDI-TOF MS and MALDI-IM-TOF MS 
experiments. Details of both of the instruments used are described in detail in Chapter 2, Sections 2.1 
and 2.2, respectively. 
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3.3 Results and Discussion 
MALDI-TOF MS and MALDI-IM-TOF MS experiments were performed on dried-droplet 
intact whole cell B. subtilis and E. coli. The information obtained from the MALDI spectra is 
compared with spectra obtained from the MALDI-IM-TOF MS experiments. Peaks from the E. coli 
spectra were searched for possible identification using Rapid Microorganism Identification Database. 
Additionally, VUV post-ionization MALDI-IM-TOF MS experiments were performed to obtain more 
information from the intact bacteria. 
 
MALDI-TOF & MALDI-TOF IM MS of B. subtilis 
A MALDI-TOF mass spectrum of B. subtilis is shown in Figure 3.1. As seen in Figure 3.1(a), a 
number of peaks in the range of 1–4 kDa were observed. The first cluster of peaks near 1100 m/z in 
Figure 3.1(a) is attributed to two classes of lipopeptide isoforms known as surfactins and mycosubtilins 
(iturin family), which have been previously identified using MALDI MS.
264, 265, 269, 270, 271
 Lipopetides 
are a class of non-ribosomally generated amphiphilic peptides that are categorized according to their 
structure and activity and can be found in a number of different species of Bacillus. Surfactins are 
composed of a -hydroxy fatty acid (C13 to C16) linked to a cyclic lipoheptapeptide with n = 9-11, 
where n is the number of CH2 groups.
264
 Mycosubtilins are similar to surfactins but contain a -amino 
fatty acid sequence (C14 to C17), n = 11-13. The broad distribution of peaks from 2000 m/z to near 3000 
m/z, separated by 14 Da (CH2 group), is from the ionization of molecules in the peptidoglycan layer of 




  72  
 
 











The expanded spectrum of Figure 3.1(a) is shown in Figure 3.1(b). The peak detected at m/z 
1044 corresponds to the surfactin b-C15 sodium adduct and the peaks at 1058 and 1074, correspond to 
surfactin a-C15 sodium and potassium adduct ions (Figure 3.1(b)). The peaks at 1085, 1107, and 1123 










of mycosubtilin-C17, respectively. The peak 
at 1093 corresponds to mycosubtilin-C16 sodium
 
























The third cluster of peaks near 3500 m/z shown in Figure 3.1(c) correspond to a 32-amino-acid 
pentacyclic lantibiotic ribosomally synthesized as a prepeptide which undergoes posttranslational 
modification resulting in the mature protein subtilin, which is a lantibiotic that can be found in 
different strains of B. subtilis.
264, 265, 270
 The peak at 3319 m/z corresponds to the protonated 
ribosomally synthesized lantibiotic subtilin and the intense peak at 3419 m/z is attributed to lantibiotic 
subtilin with a N-terminally succinylated subtilin. Sodium and potassium
 
adducts of the succinylated 




Figure 3.1(b). Expanded view of B. subtilis lipopeptide products. 
 
 














The two-dimensional MALDI ion mobility mass spectrometry contour plot from B. subtilis is 
shown in Figure 3.2. The mass spectrum was obtained using a 349 nm laser at a repetition rate of 200 
Hz. The plot above the top x-axis is the mass spectrum obtained by integrating the signal over all 
mobility times and the plot on the right hand y-axis is the ion mobility trace obtained by integrating 
over the m/z values. The plot shows three groupings of peaks in the range between 1000 and 3500 m/z 
on two distinct trend lines. From previous work,
183, 214
 it can be inferred that the upper trend line 
corresponds to lipids whereas the lower trend line corresponds to peptides. The strong signal on the 
lower trend line 1100 m/z results from lipopeptides. In the middle of the contour plot, the features on 
the upper trend line correspond to lipids. The island of signal at the upper right of the plot corresponds 
to subtilin.  
 
Figure 3.1(c). Expanded view of B. subtilis subtilin with adducts and a protecting group. 
 
 
















The first cluster of peaks in the mass spectrum of the 2D contour plot of Figure 3.2 is shown 
below in an expanded view in Figure 3.3. The pattern of the first cluster of peaks in the mass spectrum 
of the 2D contour plot is typically found for lipopeptides, representative of surfactin and mycosubtilin 
of the iturin family.
264
 One can see that the two most intense peaks at 1058 m/z and 1074 m/z with a 
mobility drift time of 470 s in the first cluster are attributed to surfactin-C15 with sodium and 
potassium adducts just as in the MALDI-TOF MS spectrum in Figure 3.1(b). Isoforms mycosubtilin-
C16 and mycosubtilin-C17 are observed at 1093 and 1107 m/z, respectively, both with Na
+ 
adducts and a 
Figure 3.2. UV MALDI-IM-TOF MS 2D contour plot of  whole cell B. subtilis. 
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mobility drift time of 440 s. The peak at 1123 m/z with a mobility drift time of 440 s is assigned as 














The second cluster of peaks in the middle of the spectrum in Figure 3.2, from approximately 
1900 m/z to near 3000 m/z with a mobility drift time range of 670 s to 790 s, is shown in an 
expanded view below in Figure 3.4. These peaks are separated by the mass of CH2, 14 Da, and are 









adducts from whole cell B. subtilis. 
 
 


















In Figure 3.5, the expanded view of the third cluster near 3450 m/z with a mobility drift time of 
870 s from Figure 3.2 is shown. The peak seen at 3441 m/z is assigned to the [M + Na]
+
 peak of 
succinated subtilin; the K
+ 
adduct appears at 3457 m/z. The subtilin or succinated subtilin protonated 
molecule peaks were not observed in the spectrum of Figure 3.1(c). The peaks attributed to subtilin as 
well as the lipopeptides are in agreement with spectra shown in current mass spectrometry literature.
264
 
Figure 3.4. UV MALDI-IM-TOF MS 2D contour plot of  fatty acids separated by 14 Da from 
whole cell B. subtilis. 
 
 
















To obtain additional information, VUV post-ionization MALDI-IM-TOF MS was used for the 
analysis of B. subtilis. As expected, the groupings of the isoforms of surfactins and mycosubtilins 
observed using UV MALDI-IM-TOF MS have the same mobility and lie on the same trend lines, 
although a few additional lipopeptides were observed (Figure 3.6). These additional lipopeptides are 
associated with peaks in the x-axis of the contour plot at 1079, 1090, and 1329 m/z. The peaks at 1079 
and 1090 m/z lie on the same trend line with the aforementioned surfactins and mycosubtilins, 





Figure 3.5. UV MALDI-IM-TOF MS 2D contour plot of  whole cell B. subtilis. The peaks 
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respectively. Although, the ion peak at 1329 m/z peak lie on the same trend line as the mycosubtilin 
family, it is yet to be identified. In Figure 3.6, a peak corresponding to mycosubtilin-C17 with a K
+ 














MALDI-TOF & MALDI-TOF IM MS of E. coli 
  In Figure 3.7, the MALDI spectrum from the analysis of E. coli is shown. This spectrum is 
similar to previous published spectra of E. coli.
104, 266, 267
 The peak positions and assignments are listed 
in Table 3.1. All peaks with m/z values between 4000 and 15,000 m/z were searched against the Rapid 
Microorganism Identification Database (RMIDb).
246
 
Figure 3.6. VUV post-ionization MALDI-IM-TOF MS 2D contour plot of  whole cell B. subtilis. 
Additional peaks at 1079, 1090, and 1329 m/z were observed. 
 
 















The model (type of proteins) used for this search was Bacterial Ribosomal Proteins from all sources, 
which included Genbank, TrEMBL, SwissProt, RefSeq, Ventor Institute's Comprehensive Microbial 
Resource (CMR), and Glimmer3. The search was conducted using m/z values corresponding to a + 1 
charge (singly protonated). The mass error window selected for the search performed was + 10. Of the 
observed peaks, most correspond to ribosomal subunit proteins, four (5097, 5384, 6416, and 7280 m/z) 
have been previously identified as singly charged ribosomal proteins,
272
 while a few are Glimmer3 
predictions. Glimmer3 is an algorithm that predicts protein sequences on bacterial genomes.
249
 These 
possible protein sequences are obtained from a number of protein database sources.  
 
Figure 3.7.  MALDI- TOF MS mass spectra of E. coli using CHCA matrix. 
 
 






















Table 3-1.  Ribosomal proteins detected from E. coli by MALDI-TOF MS 
Observed Mass Theoretical Mass Proteins Description Organism Accession  Number 
4366 4365 50 S R protein L36 E. coli E24377A A7ZSI8 
5097 5096 30 S R protein S22 E. coli E2348168 Z15486706 
5384 5381 50 S R protein L34 E. coli E2348168 A7ZTQ9 
6416 6411 50 S R protein L30 E. coli E24377A A7ZSJ1 
7164 7158 50 S R protein L35 E. coli S88 B7MAS7 
7280 7274 50 S R protein L29 E. coli E24377A A7ZSK1 
7877 7872 50 S R protein L31 E. coli E24377A A7ZUF1 
8376 8369 30 S R protein S21 E. coli UT189 215488396 
8884 8876 50 S R protein L28 E. coli E24377A A7ZT18 
9544 9548 G3 prediction E. coli 536 GL82531 
4366 4365 30 S R protein S15 E. coli E2438169 215488483 
5097 5096 30 S R protein S19 E. coli E2438169 215488616 
5384 5381 G3 prediction E. coli 536 GL8253 
6416 6411 30 S R protein S14 E. coli E2438169 218555864 
7164 7158 50 S R protein L18 E. coli E24377A A7ZSJ3 
7280 7274 50 S R protein L29 E. coli E24377A A7ZSK1 
7877 7872 50 S R protein L36 E. coli E24377A A7ZSI8 
8376 8369 30 S R protein S22 E. coli E2348168 Z15486706 
8884 8876 50 S R protein L34 E. coli E2348168 A7ZTQ9 
9544 9548 50 S R protein L30 E. coli E24377A A7ZSJ1 
10146 10138 50 S R protein L35 E. coli S88 B7MAS7 
10309 10300 50 S R protein L29 E. coli E24377A A7ZSK1 
11233 11229 50 S R protein L31 E. coli E24377A A7ZUF1 
11460 11464 30 S R protein S21 E. coli UT189 215488396 
12780 12770 50 S R protein L18 E. coli E24377A A7ZSJ3 
14372 14365 50 S protein L29 E. coli E24377A A7ZSK1 
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If Glimmer3 is the only matching protein sequence, this means there is no protein sequence that 
matches the given mass. There is a possibility that the protein sequence does not exist or it could be a 
real protein that is simply missing from the protein sequence database. 
A 2D contour plot resulting from the analysis of E. coli is shown in Figure 3.8. The plot shows 














The peaks were observed in the mass range of 1000 to 12,000 m/z with a mobility time of 670 
to 1780 s. For this analysis, masses of peaks of 4000 m/z or greater were searched against the Rapid 
Microorganism Identification Database using the model Bacterial Ribosomal Proteins from all sources. 
Figure 3.8.  UV MALDI-IM-TOF MS 2D contour plot of  whole cell E. coli. 
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The search was conducted using m/z values with a +1 charge (singly protonated). The error window for 
the search was +10 Da. The RMIDb search from the MALDI-IM TOF MS data yielded one possible 
identification, which was a Glimmer3 prediction at 4742 m/z corresponding to a protein with accession 
number GL10468.1400. Most of the peaks from the MALDI-TOF MS data listed in Table 3.1 were 
identified as ribosomal proteins, while a few values were assigned as Glimmer 3 predicted sequences. 
 Using MALDI-IM-TOF MS, it was possible to separate in B. subtilis isoforms of a class of 
non-ribosomally generated lipopetides (surfactins, mycosubtilins), a ribosomally synthesized 
lantibiotic (subtilin), and a polymer-like pattern thought to be associated with the peptidoglycan layer 
of the cell wall. Furthermore, an additional surfactin isoform (1090 m/z) and an additional 
mycosubtilin isoform at (1079 m/z) were observed when using VUV post-ionization MALDI-IM-TOF 
MS, as well as a [M + H]
+
 ion, at 1329 m/z that most likely corresponds to a lipopeptide of the 
mycosubtilin family, suggested by its position on the trend line with other mycosubtilins. The ion at 
1329 m/z was only observed in the VUV post-ionization MALDI-IM TOF MS experiments. MALDI-
IM-TOF MS was also effective in separating proteins from E. coli. 
The strategy of MALDI-IM-TOF MS studies in parallel with the MALDI-TOF MS studies 
highlights the added advantage of the ion mobility dimension. In Figure 3.2, the two different trend 
lines observed in the two-dimensional fingerprint of the B. subtilis establishes the presence of different 
molecular classes of biomolecules, which in this case are peptides and lipids, before any database 
search. In Figure 3.3, the divergence of ions of the same biomolecular class from the trend line is the 
result of structural differences.
213
 In this case, both lipopeptides, the surfactins and mycosubtilins, have 
similar drift times but the mycosubtilins lie slightly below the lipopeptide trend line due to a more 
compact structure. The surfactins are linked by a -hydroxy fatty acid whereas mycosubtilins have 
aamino fatty acid linkage. The unidentified weak signals in the 1-D mass portion of the plot in the 
range 1050 to 1150 m/z are attributed to isoforms of surfactins and mycosubtilins, which have also 
 
  84  
 
been noted in recent work.
264, 265
 The difference in the mobility drift time of the surfactin and 
mycosubtilins can be seen more distinctly in the VUV MALDI-IM-TOF MS data of Figure 3.6. Figure 
3.6 also shows that three additional peaks were observed when using VUV MALDI-IM-TOF. One of 
the additional peaks observed is at 1090 m/z. This lies on the same trend line as the previously 
identified 1058 and 1074 m/z peaks. The other two additional peaks observed at 1079 and 1329 m/z lie 
on the same trend line as the mycosubtilins. These additional peaks lie on the surfactin and 
mycosubtilin trend lines, suggesting they are isoforms of the surfactin and mycosubtilin families. 
 
3.4 Summary 
In this chapter, MALDI-IM-TOF MS was used for the detection and identification of B. subtilis 
ATCC 6633 and E. coli ATCC 9637. MALDI-TOF MS was conducted in parallel as confirmation. 
Isobaric lipids, peptides, and proteins were separated on IMMS trend lines, which allowed the type of 
biomolecule to be distinguished prior to m/z separation. A number of proteins detected from E. coli 
using MALDI-TOF MS could be identified; however, when using MALDI-IM-TOF MS, a Glimmer3 
predicted sequence was obtained for only one of the number proteins detected in E. coli. Lipopeptides, 
surfactin and mycosubtilin, were identified from B. subtilis were observed on different trend lines 
because of their structural differences using both MALDI-IM-TOF MS and MALDI-TOF MS. 
Additional lipopeptides were identified using VUV post-ionization MALDI-IM-TOF MS. These 
observations show the promise of MALDI-IM-TOF MS as a microorganism biomarker identification 
tool. 
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CHAPTER 4. MALDI MICROORGANISM IDENTIFICATION IN THE 
PRESENCE OF INTERFERENTS 
In the previous chapter, the use of MALDI and MALDI IM-TOF MS for detection and 
identification of lyophilized bacteria was described. However, as previously discussed, the 
identification of bacteria during field analysis can be complicated by the presence of environmental 
interferents and weaponizing agents. To address this challenge, bacterial species were prepared with 
possible interferents at various mass ratios and analyzed using MALDI TOF MS. The effect of 
interferents on the identification of bacteria was evaluated using a bacteria fingerprinting software 
(MALDI Biotyper). We were able to determine that bacterial identification was possible in the 
presence interferents and the amount of interferent present before a correct species or genus 
identification was no longer possible. 
 
4.1 Introduction 
Detecting microbial pathogens in an ambient environment is not straightforward. A number of 
interferences may be encountered: humic-like substances (HULIS), secondary organic aerosols (SOA), 
minerals/mineral dust, benign bacteria, mold spores, and polycyclic aromatic hydrocarbons (PAH).
20
 
In addition, there are other background particulate sources: pollen, dust, smog and man-made 
particulate that include industrial pollutants and vehicle exhaust.
17, 18, 273
 The problem of background 
particulate in field analysis can be two-fold: a highly concentrated environmental background 
concentration can mask the presence of biological agents and there is the possibility of background 
particulate generating false positives.
16, 17
  
MALDI of collected particles containing biological molecules have been aerosolized in the 
laboratory for proof-of-concept collection, detection, and identification.
274
 Lyophilized whole cells of 
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E. coli were nebulized and collected on a target pre-coated with matrix or a target to which matrix is 
added to the collected material and analyzed using MALDI MS. The MALDI mass spectra of the 
collected E. coli cells were comparable to the MALDI mass spectra of dried-droplet E. coli, although 
the mass spectra of the collected material had fewer peaks above 10,000 m/z. In a subsequent study, 
collected whole cells of E. coli were enzymatically-digested on target and analyzed using MALDI MS. 
The mass spectrum of the digested E. coli cells showed a number of peptide fragments that were 
searched in a protein database for identification.
275
 Although, the E. coli species in both sampling 
studies could be identified, the studies do not fully address the issue of detection in a real-world 
setting. 
 Approaches to bioaerosol sampling can be challenging and often has to be modified, 
depending on the properties of the target bioaerosols. Traditionally, capture and culture methods have 
been used.
139
 Sampling is further compounded when interferents are present. Some detection strategies 
have used separation techniques to isolate components of the collected bioaerosols, while other 
strategies undertake analysis in the presence of interferences. To date, there are no standard methods 
used for bioaerosol sampling or characterization.
18
 Sampling analysis methods employ a number of 
collection devices such as impact samplers, filtration systems, and cyclones for off-line and on-line 
analysis.  
An automated pathogen detection system (APDS) has been developed for bioaerosol collection 
and detection of B. anthracis, B. thurigiensis, and Y. pestis .
276
 The APDS has a collector, which is an 
impactor that collects particles from 1 to 10 m in size; a microfluidics module that disperses the 
sample and reagents; a collection of 7 immunoassays (3 for bioagents and 4 assay controls) that was 
developed for use with a flow cytometer. The immunoassays use polystyrene microbeads, which have 
immobilized antibodies and are embedded with fluorescent dyes that are activated when the antigen 
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binds to the microbeads. The activated microbeads are read by the flow cytometer. The APDS was 
tested by using a Collison nebulizer to generate individual B. anthracis and Y. pestis respirable-size 
particles and a mixture of the two species, over a range of concentrations. Signals for each species 
were only observed when that particular species was released. When B. anthracis and Y. pestis were 
released as a mixture, both species were detected. For both studies, no false positives were reported 
and there was no indication of inhibition, non-specific binding, or cross-reactivity for any of the 
species.  
 Fergenson et al. used a dual polarity ATOF MS in real-time to differentiate aerosolized B. 
thuringiensis and B. atrophaeus.
163
 Experiments were also conducted to detect these species in the 
presence of other aerosolized biological material that could potentially be present in the environment, 
such as, background aerosols (diesel, smoke, dust) and “white powders” that could be present in a 
bioterrorism hoax situation. The ATOF MS spectra of B. thuringiensis and B. atrophaeus were 
identical with the exception of the differences in intensity of sodium and potassium adduct peaks in the 
spectra. In the presence of background aerosols and aerosolized biological and non-biological 
materials, Bacillus spores were detected.  
Both of the examples of aerosol analysis methods listed above are ideal sampling and collection 
methods; however, in the first example, possible interferents were not considered. The use of the dual 
polarity ATOF system in the second example does account for interferences but identifications are at 
the genus level. Using MALDI for collected bioaerosols is advantageous because little sample 
preparation is needed, it is able to tolerate impurities, and a large set of possible biomarkers can be 
screened for identification because of its extended mass range. 
The presence of background aerosols and interferents can also present challenges in a 
battlefield environment. As previously discussed in Chapter 1, in addition to background aerosols and 
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interferents, weaponizing agents such as fumed silica or bentonite may also be encountered in a 
battlefield environment or in the event of a bioterrorist attack in a civilian setting.
40, 277
 These 
particulates together create a complex background that can change depending on the weather and other 
conditions. In such an event, the goal is to collect the sample, perform minimal sample pre-treatment, 
and obtain an accurate identification in the presence of these interferents.  
In the work described in this chapter, the goal was to determine how contaminants found in 
collected bioaerosols may affect bacteria detection and identification using MALDI TOF MS and MB. 
Microorganism identification in the presence of naturally occurring and man-made background 
interferents and weaponizing agents was evaluated. The MALDI mass spectra of bacteria in the 




Lyophilized Enterobacter aerogenes 13048 and E. coli 35218 were purchased from American 
Type Culture Collection (ATCC) in Manassas, VA and diesel particulate was purchased from the 
National Institute of Standards and Technology (Gaithersburg, MD). Fumed silica, bentonite, pollen 
from Juglans nigra (black walnut), and -cyano-4-hydroxycinnamic acid (CHCA), were purchased 
from Sigma Aldrich (St. Louis, MO) and used without further purification. HPLC grade acetonitrile 
(ACN 99.9%), formic acid (99.9%) and trifluoroacetic acid (TFA; 99%) were purchased from Fisher 
Scientific (Pittsburgh, PA). A total of 5 mg/ml of the cells were suspended in 1:1 ACN/0.1% TFA. 
Saturated matrix solutions were prepared by dissolving 20 mg of CHCA matrix in 1 mL of a 1:1 (v/v) 
mixture of 50% acetonitrile (ACN) and 2.5% trifluoroacetic acid (TFA) in nanopure water.  
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All interferent solutions were prepared by adding 1 L of ethanol to 5 mg of each interferent. A 
5 mg quantity of the bacteria was centrifuged in a mixture of 300 L water and 900 L ethanol for 2 
min at 5000 rpm. The supernatant was removed and 50 L of 70% formic acid and 50 L of 
acetonitrile were added followed by centrifugation at 5000 rpm for 2 min. A 1 L mixture of the 
supernatant and interferent was deposited onto a MALDI target (MTP BigAnchorChip 384) and air 
dried at room temperature followed by a 2 L volume of saturated CHCA matrix that was also allowed 
to dry at room temperature.  
Spectra were generated from ten individually prepared mixtures of E. aerogenes and E. coli 
with each interferent at different mass ratios. Initially, ten microcentrifuge tubes containing mixtures of 
individual interferents and bacterial species were prepared at equal mass (1x) and overlaid with CHCA 
matrix after air drying at room temperature. Once samples were analyzed, the spectra were imported 
into MALDI Biotyper for identification based on score values. The score values of the 10 spectra were 
averaged to obtain a value representative of each bacterium and interferent at each ratio. If a correct 
species and genus identification was obtained (score value 2.0) for a 1x bacterial species and 
interferent mixture, the bacterial species was further analyzed with five times as much interferent (5x) 
and ten times as much interferent (10x) or until identification was no longer possible (score value 
<1.7). For bacterial species that could not be identified at the species level (score > 2.0) in a bacterial 
and interferent mixture at 1x, the amount of bacteria was doubled to obtain half as much interferent as 
bacteria (0.5x) or until a correct genus level identification could be achieved (> 1.7) .  
 The Bruker UltrafleXtreme MALDI TOF/TOF instrument used for analysis in this chapter was 
discussed in detail in Chapter 2, Section 2.3. In this study, 65% of the laser energy was initially used to 
acquire each mass spectrum and was increased to a maximum of 85% if significant signal could not be 
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obtained. The MB mass fingerprint software used for identification was described in detail in Chapter 
2, Section 2.6.  
4.3 Results and Discussion 
To show the effect of interferents on E. aerogenes and E. coli, both species and each interferent 
were analyzed individually, followed by the analysis of E. aerogenes and E. coli with each interferent. 
The individual mass spectra of E. coli and E. aerogenes and mass spectra of interferents are shown 
below. Mass spectra of E. coli and E. aerogenes with each interferent at various ratios are also 
presented.  
MALDI-TOF MS analysis for E. aerogenes and E. coli was conducted and searched against the 
MALDI Biotyper database to establish species identification without any interferents. A total of 21 
peaks from the E. coli species were observed in the MALDI mass spectrum in the range from 4 to 14 
kDa, shown in Figure 4.1(a). The spectrum was compared to spectra in the reference library for a 
possible match. The search against the reference spectra resulted in a correct species identification with 
an average score of 2.3. In the mass spectrum of E. aerogenes, 24 peaks were observed and compared 
to the reference library and a score of 2.4 was obtained, as indicated in Figure 4.1(b).  
MALDI MS spectra of each interferent was also recorded is the m/z range of 0 to 14,000 at 
50% laser energy. There were no peaks observed apart from the CHCA matrix peaks and its fragments 
in the region below m/z 1,000 shown in Figure 4.2. A monomer and a dimer of the CHCA matrix was 
observed in the mass spectra of pollen, fumed silica, diesel particulate, and bentonite, while, a trimmer, 
in addition to a monomer and dimer, was also observed for both bentonite and diesel particulate. The 
intensity of the CHCA matrix peaks varied with each interferent.   
 










































Figure  4.1. MALDI mass spectra of (a) E. coli and (b) E. aerogenes with no interferents. 
 



















A summary of the results of the ten replicates analyzed for both E. coli and E. aerogenes species with 
each interferent to give an average score value and standard deviation for each combination is shown 
in Table I. 
 
Figure 4.2. MALDI mass spectra of interferents: (a) pollen, (b) fumed silica, (c) diesel 
particulate, and (d) bentonite.  
 
 




4.3.1. Fumed silica 
  E. coli and fumed silica were mixed at a ratio of 1:1. E. coli was correctly identified at the 
species level with a score of 2.1 + 0.13, in the presence of fumed silica at this ratio. The E. coli and 
fumed silica mixture at a ratio of 1:5 resulted in a correct genus identification of E. coli.. When mixed 
fumed silica mixture at a ratio of 1:10, identification could not be determined. Mass spectra of E. coli 
















Table 4-1 Score values of microbial species analyzed with interferents. 
Species      Interferent     Ratio    Avg Score Value Std 
     
E. coli  Fumed silica 1x 2.1 0.13 
  5x 1.9 0.09 
  10x 1.6 0.11 
 









  5x 2.1 0.13 
  10x 2.0 0.30 
  20x 1.5 
0.09 
 
     
E. coli  Bentonite 1x 2.2 0.07 
  5x 1.6 0.03 
     
E. aerogenes  Bentonite 1x 1.7 0.07 
  0.5x 2.2 0.16 
     
E. coli  Juglans nigra 1x 2.2 0.09 
  0.5 1.7 0.08 
     
E. aerogenes  Juglans nigra 1x 2.1 0.18 
  5x 2.1 0.17 
  10x 1.7 0.34 
     
E. coli  Diesel particulate 1x 1.5 0.08 
  0.5x 2.0 0.06 
     
E. aerogenes  Diesel particulate 1x 1.7 0.14 
  0.5x 2.2 0.10 
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 Fumed silica 
E. coli and fumed silica were mixed in equal amounts (1x). E. coli was correctly identified at 
the species level with a score of 2.1 + 0.13, in the presence of fumed silica. An increase in fumed silica 
to 5x resulted in a correct genus identification of E. col., whereas, at 10x, identification could not be 























Figure 4.3. E. coli and fumed silica at (a) 1x interferent, (b) a 5x interferent, and (c) 10x 
interferent. Species identification could be determined at 1x, while genus identification was 
achieved at 5x, and at 10x a reliable identification was not possible. 
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A correct genus and species identification was determined for E. aerogenes when mixed with 
fumed silica mixture at 1x interferent to bacteria. Identification at the species level was obtained at 5x 
and 10x. A reliable identification score for 20x could not be achieved. Mass spectra of the E. 





















Figure 4.4. E. aerogenes with fumed silica at (a) 1x interferent, (b) 5x interferent, and (c) 
10x interferent, and (d) 20x interferent. Identification for E. aerogenes could be determined 
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When compared to the control, the number of peaks present in the mass spectra of the E. aerogenes 
and fumed silica mixture do not significantly change at the various ratios; however, the number of well 
resolved peaks decreased as the amount of fumed silica was increased.  
 
Bentonite  
E. coli was identified at the species level after being mixed with 1x bentonite. A positive 
identification could not be made when bentonite was increased to 5x. The resolution was lower and the 
number of well resolved peaks decreased. The mass spectra of the E. coli and bentonite mixtures at 1x 
















Figure 4.5.  E. coli and bentonite at (a) 1x interferent by mass and (b) 5x interferent.  A 
reliable species identification could be determined at 1x; however, at a 5x a genus 
identification could not be determined. 
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The E. aerogenes and bentonite mixture at 1x resulted in a probable genus identification. At 
0.5x, species identification was possible. The increase in the amount of E. aerogenes improved the 
























Figure 4.6. E. aerogenes and bentonite at (a) 0.5x interferent and (b) 1x interferent. A 
correct genus identification could be not determined at 1x but a correct species 
identification could be determined at 0.5x, as indicated by the score value of 1.7. 
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Juglans nigra  
Probable genus identification was achieved for E. coli for the analysis of a mixture of E. coli 























Figure 4.7. E. coli and Juglans nigra at (a) 0.5x interferent and (b) 1x interferent. A 
reliable species identification could not be determined for the E. coli and Juglans nigra 








Figure 4.8. E. aerogenes and Juglans nigra at (a) 1x interferent, (b) 5x interferent, and (c) 
10x interferent. A correct  identification could be determined at the species level at 1x and 
5x and no reliable identification could be determined at 10x. 
 
Species level identification was achieved for E. aerogenes in the presence of Juglans nigra at 
1x interferent. Correct species identification was also observed at 5x interferent. Although the mass 
spectra with 1x and 5x Juglans nigra appear significantly different, there is no significant change in 
the score value. At 10x Juglans nigra, the number of peaks remains approximately the same but the 
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Diesel Particulate   
E. coli and E. aerogenes could not be identified with diesel particulate at 1x. At 0.5x, both E. 
coli and E. aerogenes were identified at the genus level. The mixtures of E. coli and diesel particulate 


















In this study, we evaluated MALDI fingerprint identification of bacteria (species or genus 
level), in the presence of interferents.
17, 18, 20
 Our results show that the identification level of each  
 
Figure 4.9. E. coli  and diesel particulate at (a) 1x interferent (b) and 0.5x interferent. A 
reliable identification could not be determined for the E. coli and diesel particulate mixture 
at 1x, but a reliable genus and probable species identification could be determined at 0.5x as 
indicated by their score values. 
 
 




















 species mixed with each interferent at different ratios depends on the interferent and species. The 
presence of interferents with bacterial species reduced the overall quality of the mass spectra. As the 
amount of interferent increased, peaks were not as well resolved. The presence of interferents can 
cause signal intensities to change, in some cases, the peak intensities were increased while, in some 
samples the peak intensities were decreased. Also, for some samples, as the amount of interferent 
increased, it was observed that some peaks were no longer present, possibly as a result of ionization 
 
 
Figure 4.10. E. aerogenes and diesel particulate at (a) 1x interferent and (b) 0.5x 
interferent. A reliable identification could not be made at 1x but a probable species 
identification could be made at 0.5x. 
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suppression caused by the presence of the interferent. The presence of the interferents affects the three 
reporting factors (peak position, peak frequency, and intensity) that Biotyper uses to determine 
identification.  
The effect of interferents on E. aerogenes was not identical. E. coli could be identified at the 
species level at 1x interferents: fumed silica, bentonite, and pollen. As the amount of interferent 
increased, the overall quality of the mass fingerprint decreased. For 10x fumed silica, 5x bentonite, 1x 
pollen, and 1x diesel particulate, E. coli could not be identified. At 0.5x pollen and 0.5x diesel 
particulate, E. coli species identification was achieved. E. aerogenes could be identified at the species 
level in the presence of fumed silica and pollen at 1x, 5x, and 10x, respectively. However, the 
identification of E. aerogenes was no longer possible in the presence of 20x fumed silica. For the E. 
aerogenes and pollen mixture, 10x the amount of pollen was present before identification was no 
longer possible; this increase caused a decrease in signal intensity; however, the number of peaks 
remained the same. At 1x, identification could not be determined for E. aerogenes in the presence of 
bentonite and diesel particulate, but correct species identification could be obtained at 0.5x.  
 In a real-world scenario for the analysis of collected bioaerosols in an ambient environment, 
the presence of interferents affects the ability to detect signals from microorganisms because of their 
presence at low concentrations. Analysis methods, such as MALDI, that can detect samples in the 
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CHAPTER 5. INFRARED LASER ABLATION SAMPLE TRANSFER WITH 
NANOSTRUCTURE-ASSISTED LASER DESORPTION IONIZATION 
ANALYSIS OF MICROORGANISMS 
The goal of the research described in this chapter was to use ambient sampling for the analysis 
of microorganisms by laser desorption ionization mass spectrometry. An ambient sampling method 
using a tunable IR laser ablation source was used to sample cultures of E. coli and B. cereus from 
colonies in a Petri dish. After collection in a solvent droplet, the material was deposited on a 
nanostructured target for matrix-free LDI MS. A number of phospholipids were observed that can be 
used as identifiable biomarkers for both E. coli and B. cereus species. 
 5.1 Introduction  
Typically, MALDI mass spectra peaks from whole cell bacteria are attributed to highly 
abundant proteins and ribosomal proteins.
111
 However, lipid profiles can also be used to identify 
bacteria. Phosphatidylethanolamine (PE) and phosphatidylglycerol (PG) are phospholipids that are two 
of the major lipid classes found in microorganisms including both gram-negative and gram-positive 
bacteria.
278
 When lipid profiles are of interest, extraction methods such as the Bligh-Dyer or the Folch 
method are often used.
279, 280
 These methods use a combination of chloroform and methanol solvents 
for an overnight extraction or suspend whole bacterial cells in similar solvent combinations, for a 
shorter period of time, to simulate the Bligh-Dyer or Folch extraction method.
91, 92, 98, 137, 281
  
A number of ionization methods have been used for bacterial lipid analysis. Pyrolysis MS was 
used to generate fatty acid methyl esters (FAMES), which are phospholipids that have been derivatized 
for analysis, from hydrolized and methylated suspensions of whole cell bacteria, for the identification 
of lipid profiles of bacteria.
78
 Gidden et al. investigated lipid extractions of E. coli and B. subtilis as a 
function of growth phases using MALDI TOF/TOF.
281
 PE and PG series were observed for both E. 
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coli and B. subtilis species. In B. subtilis, it was noted that the composition of phospholipids remained 
that same throughout the exponential growth phase. However, expression of PE was increased during 
the stationary growth phase, while, PG decreased during the stationary growth phase. During the 
exponential growth phase of E. coli, an increase in a specific C17 fatty acid was observed, and an 
increase in saturated fatty acids was observed in the stationary growth phase.   
Ambient ionization methods have been used for the analysis of bacteria. Cooks and co-workers 
employed desorption electrospray ionization (DESI) MS to analyze different species of both gram-
negative E. coli and Salmonella typhimurium whole cells by directly spraying a mixture of methanol 
and water onto the sample for droplet pick-up.
136
 PE phospholipids were identified from the DESI MS 
spectra and it was concluded that in situ and strain differentiation microbial analysis could be 
performed using principal component analysis (PCA). Direct analysis in real-time (DART) MS was 
used to generate FAMES. Using this method, phospholipids observed from each of the E. coli, 
Coxiella burnetii, and Streptococcus pyogenes species can be used as biomarkers for identification.  
Biomolecules such as phospholipids that are observed in the mass range less than m/z 1000 are 
often suppressed by the ionization of matrix ions that are also observed in the same mass range, which 
makes the use of MALDI MS for the analysis of small molecules challenging.
282, 283
 To overcome this 
challenge, matrix-free LDI MS have been used for the analysis of low mass biomolecules. Fenselau 
and co-workers used a Fourier transform mass spectrometer with a 1.06 m IR laser for LDI of 
bacterial cells suspended in a methanol and chloroform mixture to compare to MALDI analysis of 
bacterial cells using cobalt or graphite particles in a glycerol matrix.
284
 From LDI analysis, a series of 
peaks attributed to PE with potassium adducts was observed, while peaks attributed to PE, PG, and 
dihexosyldiglycerides (DHDG) phospholipids were observed for MALDI analysis.  
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A technique known as desorption ionization on silicon (DIOS) uses inert porous silicon wafers 
as substrates for the analysis of small molecules, such as peptides and peptide mixtures. DIOS has also 
been used for a number of other applications including the analysis of fatty acids, peptides, and 
proteins.
236, 285, 286, 287
 Porous silicon targets are prepared by electrochemical etching,
288, 289
 a process 
that affects the pore size and shape of the silicon wafers, which can influence the efficiency of LDI.
289
 
Efforts to improve spectral quality and the effective mass range for small molecules have led to the 
search for other inert substrates materials. Inert surfaces with nanostructures such as silicon nanowires, 
carbon nanotubes, and porous alumina have been synthesized and used for LDI MS.
236
 LDI with 
nanostructured targets has also been used for molecules less than 1000 Da.
209, 234, 235, 286, 287
 Based on 
these nanomaterials, 100 spot disposable nanostructure targets have been commercialized as nano-
assisted laser desorption ionization (NALDI) targets for the analysis of small molecules less than 1000 
Da
209, 234, 236
 and have been used for the analysis of polar and nonpolar compounds.
235, 290
  
In this chapter, we describe the ablation of E. coli and B. cereus bacteria colonies with 
collection in a solvent droplet, using a mid-infrared laser ablation sample transfer (LAST), and 
analyzed using for matrix-free LDI, as discussed in Chapter 2. Ambient sampling allows material to be 
directly analyzed with little to no sample pretreatment. In this case, the solvent-captured bacteria were 
deposited on a nano-assisted laser desorption ionization (NALDI) target for matrix-free LDI TOF-MS. 
 
5.2 Experimental  
E. coli and B. cereus bacterial cells were cultured in individual Petri dishes using nutrient LB 
broth at the respective temperatures of 37 °C and 30 °C, for 24 hours. After the growth period, the Petri 
dishes were placed underneath the syringe of the LAST setup described in Chapter 2, Section 2.5. The 
solvent mixture of 70% acetonitrile and 30% of 0.1 % TFA contained in the syringe was then made to 
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form a 1 mm solvent droplet. The height of the syringe was manually adjusted using a xyz stage so that 
the distance between the bottom of the droplet and the cultured bacteria in the Petri dish was 1 mm. 
The bacterial colonies were irradiated for 60 laser shots with a maximum laser energy of 1.75 mJ and 
no attenuation, ablating the material into the solvent droplet. The syringe was removed from the xyz 
stage so that the droplet could be deposited onto the NALDI target. NALDI mass spectra were 
obtained using the MALDI-TOF/TOF mass spectrometer described in Chapter 2, Section 2.2. A loop 
of bacterial colonies from both E. coli and B. cereus was also taken from a Petri dish, smeared onto a 
MALDI target, and overlaid with CHCA matrix and analyzed using MALDI MS. 
 
5.3 Results and Discussion 
 A NALDI mass spectrum of the NALDI target is shown in Figure 5.1. The peaks are well 
below m/z 1000. Background peaks from the silicon nanowire structures of the NALDI target are 
observed at m/z 81, 87, 103, 130, 174, 317, which can be seen in the inset of Figure 5.1. These 
background peaks can vary and become more abundant if compounds are difficult to ionize, their 
concentrations are near the limit of detection of the NALDI target, or from the analysis of empty spots 























An IR LAST NALDI spectrum of E. coli is shown in Figure 5.2(a). Both 
phosphatidylethanolamine (PE) and phosphatidylglycerol (PG) phospholipids were observed from m/z 




Figure 5.1. Laser desorption TOF mass spectrum of blank NALDI target. 
 
 

















In Figure 5.2 (b) an expanded view of the PE and PG series is shown. The peaks at m/z 664, 
702, 732, and 744, and 756 are protonated PE phospholipids with fatty acid compositions C30:0, 
C33:1, C35:1, C36:2, and C34:1, respectively. Peaks at m/z 680 and m/z 773 are assigned as PG 
(C29:0) and PG (C36:2). The fatty acid moiety PE (C35:1) observed at 732 m/z has one double bond 
and the PG (C36:2) observed at 773 m/z has two double bonds. Whereas, the fatty acids of other PE 




Figure 5.2 (a). NALDI mass spectrum of LAST bacterial colonies of E. coli. Various PE and 
PG phospholipids are observed in the mass range of 650-800 m/z. 
 
 


















High mass peaks are observed in the MALDI spectrum of E. coli in the mass range up to m/z 
14,000, shown in Figure 5.3. The high mass peaks observed in the spectrum are typically attributed to 
ribosomal proteins and highly abundant proteins. The peaks observed at lower masses, below m/z 500, 
are attributed to the CHCA matrix (see Figure 5.4). Ionization of matrix molecules can sometimes 
cause ion suppression of analyte molecules, which is attributed to the absence of peaks, low intensity 
peaks of some molecules, and poor signal-to-noise in the lower mass region of the spectrum. Often, 
during MALDI analysis, parameters are adjusted so that matrix ion peaks are suppressed during 
analysis. 
Figure 5.2 (b). Expanded view of a NALDI mass spectrum of LAST bacterial colonies of E. 
coli. The fatty acid composition of the PE and PG phospholipids observed in the series are 
indicated by the total numbers of carbons and the number of unsaturations (double bonds). For 
example, PE C33:1 has 33 carbon atoms and 1 double bond. 
 
 


















The MALDI spectrum of E. coli is shown to compare the type of biomarkers observed for 
LAST NALDI and MALDI MS. High intensity matrix ion peaks can be seen in the lower mass region 
below m/z 1,000 as well as four additional peaks at m/z 615, 714, 843, and 973. The peaks at m/z 615, 
843, and 973 have been tentatively assigned as a PE, LPG, and DGDG phospholipids. The peak at m/z 
714 has been identified as a PE phospholipid with a fatty acid composition of C34:2.  
The MALDI spectrum of the CHCA matrix is shown in Figure 5.4. The matrix ions are 
observed in the low mass region, which often interferes with the analysis of small molecules. The 
observed peaks are attributed from matrix ions, clusters of matrix ions, and their fragments.  
 
 





















The NALDI spectrum of B. cereus is shown in Figure 5.5 (a). Several peaks are observed in 
mass range between m/z 600 and m/z 1150, which are assigned as PE, PG, DGDG, and TAG 
phospholipids and a lipopeptide. The peak at m/z 664 is a protonated PE and has a fatty acid 
composition of C30:0. Peaks at m/z 719 and m/z 736 are assigned as PG phospholipids with fatty acid 
composition C32:1 and C33:0, respectively. Fatty acid C32:1 is also observed with a potassium adduct 
at m/z 758 [C(32:1) + K
+
]. A diglycosyldiglyceride (DGDG) phospholipid C31:0 is observed at m/z 
878. The peak at m/z 854 is a triacylglycerol (TAG) with a fatty acid composition of C50:3. The peak 
at m/z 1123 is assigned as a mycosubtilin-C17 lipopeptide with potassium adduct. Lipopeptides are 
amphiphilic peptides that are found in a number of different species of Bacillus.  
 
Figure 5.4. MALDI mass spectrum of CHCA matrix. 
Figure 5.4. MALDI spectrum of CHCA matrix. 
 


























Figure 5.5 (a). NALDI mass spectrum of LAST bacterial colonies of B. cereus. Various PE, PG, 
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An expanded view of the PE and PG phospholipid series observed from the NALDI spectrum of B. 
















The NALDI spectra of both species contain PE and PG phospholipids observed at m/z 664 
(C30:0) and 744 (C36:2) and PE m/z 618 with the loss of a head group. PE phospholipids are observed 
at m/z 618, 664 (C30:0), and 744 (C36:2). The PE series dominates the spectrum of the E. coli species 
and the PG series dominates the spectrum of the B. cereus.
291, 292
 This observation is not surprising 
given that gram-negative bacteria have a higher percentage of PE phospholipids, whereas, gram-
positive bacteria have a higher percentage of PG phospholipids.
291, 292
 Nevertheless, there is also a 
difference in the class of phospholipids observed in the mass range greater than m/z 800 in the NALDI 
 
 
Figure 5.5. (b). Expanded view of NALDI mass spectrum of LAST bacterial colonies of B. 
cereus, showing the most dominating phospholipids of the series. 
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spectrum of B. cereus. The peaks are attributed to a DGDG phospholipid at m/z 878 (C31:0) and a 
lipopeptide at m/z 1123, which are routinely observed in gram-positive bacteria, but rarely in gram-
negative bacteria. A TAG phospholipid was also observed at m/z 854 (C50:3) in the B. cereus 
spectrum. Phospholipids observed in this work are in agreement with previously reported bacterial 
phospholipid data.
91, 92, 98, 136, 137, 284
     
 
A MALDI spectrum of B. cereus is shown in Figure 5.6. Matrix ion peaks are observed in the 
lower mass region of the spectrum, below m/z 1000, and two additional peaks are observed at m/z 714 
and m/z 843, shown in the inset of Figure 5.6. Both of these masses were also observed in the MALDI 
spectrum of E. coli in Figure 5.3. The peak at m/z 714 is assigned as a PE phospholipid (C34:2), while 
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An expanded view of the higher mass peaks observed from the MALDI spectrum of B. cereus bacterial 
colonies in the range of m/z 3500 to 8000 is shown in Figure 5.7. These peaks can be attributed to 
















In this study, bacterial colonies of gram-positive B. cereus and gram-negative E. coli were 
sampled directly from a Petri dish using a wavelength tunable IR laser source under ambient 
conditions. Without sample pretreatment, material from bacteria colonies was ablated into a solvent 
droplet and transferred to a NALDI target for matrix-free LDI analysis using a MALDI mass 
 
Figure 5.7. Expanded view of high mass peaks observed from the MALDI mass spectrum of 
B. cereus bacterial colonies. 
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spectrometer. The results showed that phospholipids could be identified from freshly cultured bacteria 
using LAST and a NALDI target for matrix-free LDI. PE and PG phospholipids were present in both 
the B. cereus and E. coli species; however, the series of phospholipids were not identical, but did 
contain PE and PG phospholipids that were common to both B. cereus and E. coli. PE was the 
dominant phospholipid species present in E. coli. In addition to the dominant PG phospholipid class 
observed for B. cereus, other classes of phospholipids and a lipopeptide that are only present in gram-
positive bacteria were also observed. Although, identifiable high mass protein biomarkers are not 
observed using LAST NALDI, as they are in MALDI, phospholipids can also be used as identifiable 
biomarkers. The major advantage of LAST NALDI is its minimal sample preparation. Furthermore, 
LAST could easily translate to a field analysis technique because of its ability to capture material, 
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CHAPTER 6. CONCLUSIONS AND FUTURE DIRECTIONS 
This dissertation describes the analysis of microorganisms using MALDI and IM TOF MS. 
Whole cell microorganisms were detected using both MALDI TOF MS and MALDI-IM-TOF MS. 
MALDI Biotyper, a mass spectrometry fingerprinting software database, was used in conjunction with 
MALDI TOF MS to identify whole cell microorganisms in the presence of interferents that may be 
present during sample collection in an ambient environment. Using laser ablation sample transfer 
under ambient conditions, an IR laser was used to ablate bacterial colonies into a solvent droplet, 
which was then deposited onto a NALDI target and analyzed using matrix-free LDI TOF MS. This 
works shows that MALDI and IMMS can be used for the detection and identification of whole cell 
microorganisms as well as whole cell microorganisms, in the presence of naturally occurring and man-
made background particulate and weaponizing additives, with the use of a robust mass fingerprinting 
database, and LAST NALDI which has the potential of analysis using ambient techniques for field 
analysis. 
The detection of whole cell microorganisms, B. subtilis and E. coli ATCC, using MALDI and 
MALDI-IM-TOF MS was presented in Chapter 3. MALDI and MALDI-IM-TOF MS were conducted 
in parallel to assess the effectiveness of MALDI-IM-TOF MS for whole cell microorganism 
identification. This study demonstrated that the bacteria B. subtilis and E. coli can be detected from 
lyophilized bacterial cells using MALDI-IM-TOF MS. An attractive feature of IMMS data is the 
separation of biomolecules such as isobaric lipids, peptides, and proteins on different trend lines, 
which allows the biomolecular class to be determined prior to m/z separation. In B. subtilis, these 
biomolecular structural differences were observed in the surfactin and mycosubtilin lipopeptides. 
Although, surfactin and mycosubtilin are closely related, they could be differentiated because of the 
deviation of the mycosubtilin lipopeptide below the surfactin trend line. It was also possible to observe 
additional peaks using VUV MALDI-IM-TOF MS that were assigned as surfactin and mycosubtilin 
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isoforms because of their presence on the surfactin and mycosubtilin trend lines. Proteins detected 
from E. coli lie on the same trend line; however, it was not possible to identify them. The m/z values of 
the peaks observed were searched in the RMIDb. A predicted sequence was obtained for one of the m/z 
values. 
When collecting microorganisms from bioaerosols in ambient and battlefield environments 
other biological material may be present, in addition to naturally occurring and man-made aerosols and 
weaponizing agents. Detecting microorganisms in such a complex background is more difficult than 
the analysis of pure materials in the laboratory. Ideally, one would like to be able to detect and identify 
microorganisms in the presence of a complex background without having to conduct time consuming 
separation techniques. In Chapter 4, the detection and identification of microorganisms in the presence 
of possible interferents using MALDI TOF MS was described. E. aerogenes and E. coli bacteria were 
analyzed in the presence of interferents fumed silica, bentonite, and pollen. The effect of the 
interferents on the identification of bacteria at the genus and species level was assessed using bacteria 
mass fingerprinting software. Correct species identification for E. coli could be confirmed for E. coli 
and interferents fumed silica, bentonite, and pollen were present at 1:1 ratio in each E. coli and 
interferent mixture. However, at the same mass ratio, with diesel particulate, a genus identification 
level was determined for E. coli. Species identification for E. aerogenes with fumed silica and pollen 
at an equal mass ratio was achieved. Genus identification was determined for E. aerogenes with 
bentonite and diesel particulate. As the mass ratio of the interferent increased, the likelihood of species 
identification decreased with the exception of E. aerogenes.  
In Chapter 5, under ambient conditions, microbial colonies were sampled directly from a Petri 
dish using a mid-infrared laser source at 2.94 m. Gram-negative E. coli and gram-positive B. cereus 
bacterial colony particulate was ablated from a Petri dish and collected into a solvent droplet 
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suspended above a Petri dish. The solvent-captured material was then transferred to a NALDI target 
for analysis using a MALDI TOF mass spectrometer. PE and PG phospholipids were observed in the 
NALDI spectrum of both E. coli and B. cereus. However, not all of the PE and PG phospholipids were 
identical, an observation that can be used to differentiate gram-negative E. coli and gram-positive B. 
cereus. The spectrum of E. coli was dominated by PE, while PG was the dominant phospholipid in the 
B. cereus spectrum. Another distinguishing feature in the NALDI spectrum of B. cereus was the 
presence of a DGDG phospholipid and a lipopeptide, which are biomolecules typically found in gram-
positive bacteria, in addition to a TAG phospholipid. In this work, we were able to demonstrate the use 
of LAST under ambient conditions, followed by NALDI MS for the analysis of whole cell bacteria 
captured in a solvent droplet. Furthermore, our results show that IR laser sources can easily ionize 
phospholipids, without sample pretreatment or the use of solvents that are typically employed for 
extraction for lipid analysis.  
In the future, the detection and identification of bacteria should focus on collected and 
aerosolized material, which can also be applied to collected bioaerosols in the presence of naturally 
occurring and background aerosols and weaponizing agents. The bacterial species can be collected 
from particulate generated using a Collision nebulizer or LAST and analyzed using MALDI-IM-TOF 
MS and as well as matrix-free LDI-IM TOF MS. This two-dimensional has the potential to separate 
complex backgrounds that can hinder microorganism detection. To further demonstrate MALDI-IM-
TOF MS as an ideal tool to investigate the complexities of bioaerosol sampling, an aerosol inlet should 
be designed that can be interfaced with a MALDI-IM-TOF MS system for online analysis. This would 
allow bioaerosols to be sampled directly by the MALDI-IM-TOF MS system for analysis, without any 
sample pre-treatment.  
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Mass spectra fingerprinting can also be used for the identification of bacteria in collected 
bioaerosols in the presence of interferents. A fingerprint library of collected bioaerosol mass spectra 
from numerous species can be created using MB. This library of bioaerosol mass spectra can be 
constructed by analyzing several samples of each strain of bacteria in the collected bioaerosols. It has 
been suggested that 20 spectra should be used to achieve an ideal average for a reference spectrum. 
The 20 spectra to be used for the reference spectrum are imported into the fingerprint library and the 
software is able to a generate peak list from replicate spectra for each strain. A single reference 
spectrum is created the average of the replicate spectra of each species. In the same manner, a database 
of collected bioaerosols in the presence of interferents can also be created.  
The IR LAST technique should also be explored in the presence of interferents. IR lasers have 
shown selectivity towards particular biomarkers,
284
 which could eliminate a number of possible 
biomolecule classes for biomarker identification. This innate selectivity of an IR laser source could 
also be used as an approach to indirectly remove or minimize the amount of interferents present in 
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